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hip fracture surgery
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This study investigates the relationship between intraoperative blood pressure variability (BPV) and
postoperative delirium (POD) after hip fracture surgery in geriatric patients. A retrospective analysis
was conducted on 1002 geriatric patients who underwent hip fracture surgery. Intraoperative BPV was
mainly quantified using the coefficient of variation in mean arterial pressure (CV-MAP). Patients were
stratified into two groups (CV-MAP <10% vs. > 10%). Propensity score matching (PSM) balanced baseline
characteristics. Multivariable logistic regression evaluated the association between CV-MAP and POD.
Restricted cubic spline (RCS) analysis examined dose-response relationships. Subgroup analyses

and interaction tests were conducted to examine effect modifications. POD occurred in 198 patients
(19.8%). Patients with CV-MAP >10% showed a significantly higher occurrence of POD than those with
CV-MAP <10%, both before (24.6% vs. 16.4%, p <0.001) and after PSM (25.2% vs. 18.9%, p=0.032).
Adjusted logistic regression confirmed CV-MAP >10% as an independent predictor of POD (adjusted
OR:1.45,95% Cl 1.03-2.03, p=0.033). RCS analysis revealed a nonlinear positive association between
CV-MAP and POD risk. Subgroup analyses identified significant interactions between CV-MAP and
variables such as age and ASA classification (p <0.05). Elevated intraoperative BPV is independently
associated with an increased risk of POD in elderly hip fracture patients, with nonlinear effects and
potential modifiers. These findings underscore the importance of individualized blood pressure
management to mitigate POD risk.
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Hip fractures are a major health concern among geriatric patients, contributing to significant morbidity,
mortality, and healthcare costs globally'. Each year, an estimated 1.6 million hip fractures occur worldwide, a
number projected to increase to 4.5 million by 2050 due to the aging population®. In the United States alone,
hip fractures account for over 300,000 hospital admissions annually, with associated healthcare expenditures
exceeding $20 billion>*. Hip fractures often necessitate surgical intervention to restore mobility, reduce pain,
and prevent complications such as pressure ulcers and thromboembolism®.

However, elderly patients undergoing hip fracture surgery frequently present with multiple comorbidities,
such as hypertension, diabetes, and cardiovascular disease, as well as frailty and diminished physiological
reserves®’. These factors increase their vulnerability to perioperative complications, including POD, which
affects 10-60% of patients in this population®®-1°.

POD is a common and serious neurocognitive disorder characterized by acute and fluctuating disturbances
in attention, awareness, and cognition!"!?. Its incidence after hip fracture surgery ranges from 28 to 61%,
depending on patient characteristics and perioperative factors!>-1>. POD is associated with prolonged hospital
stays, functional decline, increased healthcare costs, and a two- to threefold rise in one-year mortality rates'6-1°.
Despite its clinical significance, the pathophysiology of POD is not yet fully elucidated, and effective preventive
strategies are limited. Identifying modifiable risk factors, particularly those related to perioperative management,
is a priority in reducing POD incidence.

Intraoperative BPV has emerged as a potential modifiable risk factor influencing POD risk?*-2%. BPV
refers to fluctuations in blood pressure during surgery, which can disrupt cerebral autoregulation, leading to
hypoperfusion or hyperperfusion of the brain?%. These disturbances may contribute to neuroinflammation,
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oxidative stress, and endothelial dysfunction, which are implicated in the pathogenesis of POD%. Previous
studies have demonstrated an association between BPV and adverse perioperative outcomes, including organ
dysfunction, cognitive impairment, and mortality?®-*%. nHowever, evidence linking BPV specifically to POD
remains constrained by small sample sizes and heterogeneous study designs, with most studies focusing on
absolute blood pressure values rather than dynamic changes. Furthermore, the underlying mechanisms by
which BPV contributes to POD and the potential modifying effects of patient characteristics and comorbidities
warrant further investigation.

This study aims to clarify the association between intraoperative BPV and POD in geriatric patients
undergoing hip fracture surgery by utilizing a propensity score-matched cohort.

Methods

Data sources and patient

This retrospective cohort study was conducted using electronic medical records from a tertiary hospital between
January 2021 and January 2025. The study included geriatric patients (=65 years) who underwent hip fracture
surgery. The Institutional Review Board (IRB) of the tertiary trauma center approved this study, which used
anonymized clinical data. Inclusion criteria were: (1) age > 65 years; (2) X-ray or CT diagnosis; (3) and surgical
confirmation. Exclusion criteria: (1) No surgical intervention; (2) Age <65 years; (3) Pathological, old, multiple
or open fractures ;(4) Severe infections or severe cardiac, hepatic or renal dysfunction; (5) Local anesthesia or
neuraxial anesthesia; (6) Incomplete data.

Data collection

The data for this study were sourced from our hospital health information system. A wide range of indicators was
collected, encompassing demographic characteristics, comorbidities, operation-related factors, and laboratory
findings. Demographic data included gender, age, smoking status, and alcohol consumption. Comorbidities
assessed were hypertension, diabetes, chronic obstructive pulmonary disease (COPD), cardiovascular disease,
cerebral infarction, dementia, intracerebral hemorrhage, chronic liver disease, chronic kidney disease, tumors,
and chronic steroid use. Operation-related factors included the type of fracture (femoral neck fracture,
intertrochanteric fracture, or subtrochanteric fracture) and the type of surgery (total hip arthroplasty,
hemiarthroplasty, intramedullary nail fixation, internal fixation with a steel plate, or internal fixation with hollow
nails). Other surgical variables considered were intraoperative blood loss, intraoperative time, intraoperative
blood pressure, transfusion status, postoperative ICU admission, bedridden time, and the American Society of
Anesthesiologists (ASA) classification (I-II or III-IV). Laboratory findings included white blood cell (WBC)
count, neutrophil (NEU) count, hemoglobin (HGB) level, potassium (K), sodium (Na), blood glucose, creatinine
(Cr), albumin, and D-dimer levels. These indicators provided a comprehensive dataset for the analysis.

For patients with multiple laboratory measurements prior to surgery, the values recorded closest to the time
of surgery were selected for analysis. Before initiating the study, three researchers underwent specialized training
to ensure consistency and accuracy in data collection. Two researchers independently gathered data, including
information on POD events. Discrepancies were resolved through collaborative discussion, with final decisions
made by the senior researcher when required.

Exposure

The primary exposure was intraoperative blood pressure, and we collected intraoperative systolic blood pressure
and diastolic blood pressure at 10-min intervals and calculated the MAP. Systolic blood pressure below 40 mmHg
or above 300 mmHg and diastolic blood pressure below 20 mmHg or above 150 mmHg were set to missing and
excluded from analysis®. BPV was quantified by calculating the standard deviation (SD) and a coefficient of
variation (CV) of blood pressure. These indicators include Mean Systolic Blood Pressure (Mean-SBP), Standard
Deviation of Systolic Blood Pressure (SD-SBP), Coefficient of Variation of Systolic Blood Pressure (CV-SBP),
Mean Diastolic Blood Pressure (Mean-DBP), Standard Deviation of Diastolic Blood Presssure (SD-DBP),
Coefficient of Variation of Diastolic Blood Pressure (CV-DBP), Mean Arterial Pressure (Mean-MAP), Standard
Deviation of Mean Arterial Pressure (SD-MAP), and Coefficient of Variation of Mean Arterial Pressure (CV-
MAP). The formulas of those variables are below: Blood pressure variability (BPV) was quantified using the
standard deviation (SD) and coefficient of variation (CV) of intraoperative mean arterial pressure (MAP), consistent
with recommendations from the European Society of Hypertension, which advocates SD and CV as optimal metrics
for assessing short-term BPV due to their complementary strengths®®. SD captures absolute fluctuations, while CV
normalizes variability relative to mean pressure (CV=[SD/mean]x 100%), mitigating confounding by baseline
blood pressure levels—a critical consideration in elderly cohorts with heterogeneous hemodynamic profiles>!.

SBP;
Meanspp = ZT
BP, - M BP)*
SD_SBP = \/Z(S ean_SBP)”
- N
SD_SBP

Where SBP, represents individual systolic blood pressure readings, and N is the total number of readings.
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Where DBP, represents individual diastolic blood pressure readings, and N is the total number of readings.

MAP;
Mean MBP = 27,
- N
MAP; — M MAP)?
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- N
SD MAP

Where MAPi represents individual MAP readings, and N is the total number of readings.

In this study, intraoperative BPV was mainly quantified using the CV_MAP. It normalizes the standard
deviation of MAP to its mean, providing a percentage that quantifies the relative fluctuation in blood pressure®.
Patients were stratified into two groups based on a CV-MAP threshold (CV-MAP<10% vs. CV-MAP >10%)
determined from previous studies and clinical significance®*. Additionally, we divided the CV-MAP into three
groups (T1 group (CV-MAP<7.56%), T2 group (CV-MAP=7.56%-10.81%), T3 group (CV-MAP >10.81%))
based on tertiles to better reveal the impact of intraoperative BPV on POD.

Outcome
The primary outcome of this study is delirium within seven days after surgery. The diagnostic criteria for POD
are primarily based on the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) by the American
Psychiatric Association®. Key features include a disturbance in consciousness with reduced environmental
awareness, attention deficits, and acute changes in cognitive function such as memory impairment, disorientation,
or perceptual disturbances. These symptoms typically develop rapidly (within hours to days), fluctuate in severity,
and are often associated with underlying physiological factors, such as postoperative changes. Importantly, other
potential causes, including dementia or psychiatric disorders, must be excluded to confirm the diagnosis. Two
board-certified neurologists independently reviewed medical records to diagnose POD using DSM-5 criteria.
Discrepancies (n=15, 1.5% of the total cohort; 198 POD cases total) were resolved through consensus discussion
with a third senior neurologist. Inter-rater agreement was assessed using Cohen’s kappa (ic=0.82, 95% CI 0.76-
0.88), indicating excellent reliability.

Prior to the study, three researchers received professional training in identifying POD. Two researchers
independently assessed and recorded cases of POD, with any discrepancies resolved through discussion or by
the Senior Researcher’s determination, as needed.

Statistical analysis

For descriptive statistics, categorical variables were summarized as percentages and compared between groups
using chi-square tests. Continuous variables were expressed as mean + standard deviation (SD) and analyzed
using independent sample t-tests. To address missing data, we employed multiple imputation with chained
equations (MICE), implemented using the R package ‘mice, which generates less biased estimates than other
methods.

The association between intraoperative CV-MAP and POD was investigated using logistic regression
analysis. In the univariate logistic regression, we included variables with p-values<0.05 in the multivariate
logistic regression to adjust for potential confounders. Adjusted odds ratios (ORs) with 95% confidence intervals
(CIs) were reported.

To minimize confounding effects, propensity score matching (PSM) was performed. Patients were matched in
a 1:1 ratio using the nearest neighbor algorithm with a caliper width of 0.25 SD. Covariate balance was evaluated
using standardized mean differences (SMDs), with SMD <0.1 indicating adequate balance®. Subgroup analyses
were conducted within the PSM cohort to further explore the relationship between CV-MAP and POD across
different patient characteristics, such as ASA classification and comorbidities.

Additionally, CV-MAP was categorized into tertiles (T1:<7.56%, T2: 7.56-10.81%, T3:>10.81%) to evaluate
dose-response relationships. Univariate and multivariate logistic regression models were used to estimate the
ORs for POD risk in each tertile, with T1 serving as the reference group. Restricted cubic spline (RCS) analysis
was also performed to assess the nonlinear relationship between CV-MAP and POD.

All statistical analyses were performed using SPSS version 26 (IBM Corp., Armonk, NY, USA) and R version
4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). A two-tailed p-value <0.05 was considered
statistically significant.
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Results

Study population and baseline characteristics

The flowchart depicted in Fig. 1 outlines the step-by-step process of this study. It serves as a visual representation
of the workflow, helping to clarify the sequence of activities and decision points involved. Following the
enrollment workflow detailed in Fig. 1, Table 1 summarizes the baseline demographic and clinical characteristics
of the 1,002 patients stratified by POD status, highlighting key differences between groups. Key findings include
older age (84.38 years vs. 77.98 years, p<0.001), higher prevalence of comorbidities (including hypertension,
cardiovascular disease, cerebral infarction), and greater intraoperative CV-MAP in the POD group.

Multivariate analysis for POD

The multivariate analysis identified several significant factors associated with POD in geriatric patients
undergoing hip fracture surgery (Supplement eTable 1). Age (adjusted OR: 1.04, 95% CI 1.01-1.06, p=0.007),
hypertension (adjusted OR: 2.09, 95% CI 1.41-3.12, p=0.002), stroke (adjusted OR: 1.91, 95% CI 1.28-2.85,
p=0.002), and intracerebral hemorrhage (adjusted OR: 3.34, 95% CI 1.75-6.38, p<0.001) were strongly
associated with increased POD risk. Patients with higher ASA classification (III-IV vs. I-II; adjusted OR: 1.60,
95% CI 1.04-2.46, p=0.032) and elevated intraoperative CV-MAP (per 1% increase; adjusted OR: 1.14, 95% CI
1.09-1.19, p=0.001) also exhibited a higher likelihood of POD. Lower albumin levels were inversely associated
with POD risk(adjusted OR: 0.91, 95% CI 0.87-0.95, p <0.001). These findings highlight potential risk factors for
POD, suggesting areas for further investigation in mitigating its incidence.

Propensity score matching

Table 2 presents a comparison of patient characteristics before and after propensity score matching (PSM) based
on intraoperative blood pressure variability (CV-MAP <10% vs.>10%). Before PSM, significant imbalances
were observed in key variables such as age, comorbidities (e.g., cardiovascular disease, cerebral infarction), and
surgical factors, highlighting differences between the two groups. After PSM, balance across covariates improved,

All patients with hip fractures were initially co
llected from a tertiary hospital(N=1538)

Exclusion criteria(n=536):

(1) No surgical intervention

(2) Age < 65 years

[€— (3) Pathological, old, multiple or open fractures

(4) Severe infections or severe cardiac, hepatic or renal dysfunction
(5) Local anesthesia or neuraxial anesthesia

(6) Incomplete data, or outcomes were not assessed

4
1002 patients(424 males; 578 females) in
cludedin statistical analysis

Patients were stratified into two groups based on CV-
MAP threshold (CV-MAP<10% vs. CV-MAP >10%)

Y y

596 patients' CV-MAP<10% 406 patients' CV-MAP >10%
98 patients with delirium 100 patients with delirium
498 patients without delirium 306 patients without delirium

v

Propensity score matching
1:1
]

 J L 4
397 patients' CV-MAP<10% 397 patients' CV-MAP >10%
75 patients with delirium 100 patients with delirium
322 patients without delirium 297 patients without delirium

I |
v

Subgroup and interaction effects

Fig. 1. Flow diagram of enrollment.
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Groups
Total patients | Without delirium group | Delirium group

Variables (n=1002) (n=804) (n=198) P for trend
Demographic

Male gender (n, %) 424 (42.3) 350 (43.5) 74 (37.5) 0.116
Age, x year (mean, SD) 79.25 (9.70) 77.98 (9.49) 84.38 (8.83) <0.001
Smoking (n, %) 179 (17.9) 154 (19.2) 25 (12.5) 0.032
Alcohol (n, %) 124 (12.4) 102 (12.7) 22 (11.1) 0.546
Comorbidities

Hypertension (n, %) 463 (46.2) 331 (41.2) 132 (66.7) <0.001
Diabetes (n, %) 111 (11.1) 87 (10.8) 24 (12.1) 0.602
COPD (n, %) 108 (10.8) 81 (10.1) 27 (13.6) 0.148
Cardiovascular disease (n, %) 281 (28.0) 204 (25.4) 77 (38.9) <0.001
Cerebral infarction (n, %) 238 (23.8) 151 (18.8) 87 (43.9) <0.001
Dementia (n, %) 57 (5.7) 35 (4.4) 22 (11.1) <0.001
Intracerebral hemorrhage (n, %) 59 (5.9) 31(3.9) 28 (14.1) <0.001
Chronic liver disease (n, %) 48 (4.8) 37 (4.6) 11 (5.6) 0.574
Chronic kidney disease (n, %) 49 (4.9) 30 (3.7) 19 (9.6) 0.001
Tumor (n, %) 95(9.5) 74(9.2) 21 (10.6) 0.546
Chronic steroid use (n, %) 6(0.6) 4(0.5) 2(1.0) 0.402
Operation

Fracture type

Femoral neck fracture (n, %) 559 (55.8) 457 (56.8) 102 (51.5)

Intertrochanteric fracture (n, %) 392 (39.1) 300 (37.3) 92 (46.5) 0.012

Subtrochanteric fracture (n, %) 51 (5.1) 47 (5.8) 4(2.0)

Surgery type

Total hip arthroplasty (n, %) 127 (12.7) 94 (11.7) 33 (16.7)

Hemiarthroplasty (n, %) 251 (25.0) 187 (23.3) 64 (32.3)

Intramedullary nail fixation (n, %) 309 (30.8) 241 (30.0) 68 (34.3) <0.001

Internal fixation with steel plate (n, %) 126 (126) 105 (13.1) 21(10.6)

Internal fixation with hollow nails (n, %) | 189 (18.9) 177 (22.0) 12 (6.1)
Intraoperative blood loss, x ml (mean, SD) | 170.29 (145.83) | 168.81 (151.87) 176.31 (118.33) | 0.452
Intraoperative time, X hour (mean, SD) 1.62 (0.66) 1.61 (0.65) 1.63 (0.67) 0.732
Intraoperative CV-MAP, (mean, SD) 9.66 (4.23) 9.09 (3.24) 11.98 (6.45) <0.001
Transfusion (n, %) 157 (15.7) 115 (14.3) 42(21.2) 0.017
Postoperative ICU (n, %) 67 (6.7) 53 (4.9) 10 (5.4) 0.939
Bedridden time, x day (mean, SD) 5.60 (3.53) 5.50 (3.40) 6.02 (4.01) 0.092
ASA classification

111 (n, %) 531 (53.0) 423 (52.6) 48 (24.2)

II-1V (n, %) 471 (47.0) 381 (47.4) 150 (75.8) <0001
Laboratory findings

WBC count, x 10°/L (mean, SD) 8.66 (2.81) 8.64 (2.79) 8.76 (2.90) 0.609
NEU count, x 10°/L (mean, SD) 6.57 (2.72) 6.54 (2.71) 6.69 (2.73) 0.466
HGB level, x g/L (mean, SD) 120.30 (20.49) | 122.30 (19.55) 112.21 (22.21) <0.001
K, x mmol/L (mean, SD) 4.00 (0.45) 3.99 (0.44) 4.03 (0.52) 0.296
Na, xmmol/L (mean, SD) 139.83 (4.81) | 139.97 (4.92) 139.24 (4.30) 0.055
Blood glucose, x mmol/L (mean, SD) 5.84 (0.88) 5.80 (0.85) 6.01 (0.96) 0.005
Cr,x mmol/L (mean, SD) 69.87 (53.49) 69.16 (53.41) 72.75 (53.80) 0.401
Albumin, x g/L (mean, SD) 38.10 (4.66) 38.70 (4.44) 35.63 (4.73) <0.001
D-Dimer, X mg/L (mean, SD) 4.72 (4.86) 4.75 (4.92) 4.60 (4.62) 0.686

Table 1. Baseline demographic characteristics of patients with and without predicting postoperative delirium.
TP values are from Fisher’s exact test for continuous variables and from the chi-square test for categorical
variables. SD, Standard deviation; COPD, Chronic obstructive pulmonary disease; CV-MAP, the coeflicient of
variation in mean arterial pressure; ICU, Intensive Care Unit; ASA: the American Society of Anesthesiologists
Physical Status Classification System; WBC, White blood cell; NEU, Neutrophil, HGB, hemoglobin;K,
Potassium; Na, Sodium; RBC, red blood cell; WBC, White blood cell; Cr, Creatinine.
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Before PSM After PSM
CV-MAP<10% | CV-MAP>10% CV-MAP<10% | CV-MAP >10%

Variables (n=569) (n=406) SMD | (n=397) (n=397) SMD
Demographic

Male gender (n, %) 111 (43.4) 395 (39.0) 0.089 |95 (41.7) 90 (39.5) 0.045
Age, x year (mean, SD) 78.58 (9.53) 75.00 (13.00) 0.655 | 74.00 (17.00) 74.50 (14.00) 0.019
Smoking (n, %) 31(12.1) 187 (18.4) 0.177 | 29 (12.7) 27 (11.8) 0.027
Alcohol (n, %) 22 (8.6) 126 (12.4) 0.125 | 21 (9.2) 23(10.1) 0.030
Comorbidities

Hypertension (n, %) 138 (53.9) 498 (49.10) 0.096 | 125 (54.8) 134 (58.8) 0.080
Diabetes (n, %) 50 (19.5) 241 (23.8) 0.103 | 47 (20.6) 53(23.2) 0.063
COPD (n, %) 39 (15.2) 110 (10.8) 0.130 |33 (14.5) 27 (11.8) 0.078
Cardiovascular disease (n, %) 94 (36.7) 296 (29.2) 0.160 | 80 (35.1) 76 (33.3) 0.037
Cerebral infarction (n, %) 91 (35.5) 239 (23.6) 0.264 | 74 (32.5) 73 (32.0) 0.009
Dementia (n, %) 13 (5.1) 35(3.5) 0.080 | 10 (4.4) 7(3.1) 0.069
Intracerebral hemorrhage (n, %) 13 (5.1) 55 (5.4) 0.015 | 13 (5.7) 8(3.5) 0.105
Chronic liver disease (n, %) 17 (6.6) 41 (4.0) 0.116 | 15 (6.6) 14 (6.1) 0.018
Chronic kidney disease (n, %) 16 (6.3) 48 (4.7) 0.067 | 15 (6.6) 20 (8.8) 0.082
Tumor (n, %) 58 (9.7) 37(9.1) 0.021 | 33(8.3) 36 (9.1) 0.026
Chronic steroid use (n, %) 3(0.5) 3(0.7) 0.028 |2(0.5) 3(0.8) 0.028
Operation

Fracture type

Femoral neck fracture (n, %) 91 (35.5) 588 (58.0) 86 (37.7) 85(37.3)
Intertrochanteric fracture (n, %) 146 (57.0) 371 (36.6) 0.410 | 126 (55.3) 123 (53.9) 0.036
Subtrochanteric fracture (n, %) 19 (7.4) 55 (5.4) 16 (7.0) 20 (8.8)

Surgery type

Total hip arthroplasty (n, %) 24 (9.4) 137 (13.5) 22(9.6) 13(5.7)
Hemiarthroplasty (n, %) 52 (20.3) 267 (26.3) 48 (21.1) 59 (25.9)
Intramedullary nail fixation (n, %) 113 (44.1) 301 (29.7) 0.011 | 96 (42.1) 96 (42.1) 0.026
Internal fixation with steel plate (n, %) 48 (18.8) 120 (11.8) 44 (19.3) 41 (18.0)

Internal fixation with hollow nails (n, %) | 19 (7.4) 189 (18.6) 18 (7.9) 19 (8.3)
Intraoperative blood loss, x ml (mean, SD) | 196.56 (158.95) | 169.94 (150.94) | 0.172 | 200.00 (200.00) | 196.00 (200.00) | 0.072
Intraoperative time, X hour (mean, SD) 196.56 (158.95) | 169.94 (150.94) | 0.172 | 200.00 (200.00) | 196.00 (200.00) | 0.072
Intraoperative CV-MAP, (mean, SD) 196.56 (158.95) | 169.94 (150.94) | 0.172 | 200.00 (200.00) | 196.00 (200.00) | 0.072
Transfusion (n, %) 64 (25.0) 146 (14.4) 0.269 |55 (24.1) 61 (26.8) 0.060
Postoperative ICU (n, %) 26 (10.2) 37 (3.6) 0.258 | 19 (8.3) 22 (9.6) 0.046
Bedridden time, x day (mean, SD) 6.77 (5.04) 5.68 (3.70) 0.247 | (3.00) 5.00 (3.25) 0.019
ASA classification

I-1I (n, %) 180 (70.3) 530 (52.3) 157 (68.9) 154 (67.5)

-1V (n, %) 76 (29.7) 484 (47.7) 0377 71 (31.1) 74 (32.5) 0028
Laboratory findings

WBC count, x 10A9/L (mean, SD) .49 (3.24) 8.85 (2.75) 0.019 | 8.75 (2.95) 8.65 (2.76) 0.037
NEU count, x 10A9/L (mean, SD) 6.58 (2.77) 6.55 (2.64) 0.834 | 6.64 (2.88) 6.54 (2.65) 0.038
HGB level, x g/L (mean, SD) 106.38 (20.91) 123.19 (19.13) 0.839 | 125.00 (25.00) 122.50 (17.75) 0.031
K, x mmol/L (mean, SD) 3.99 (0.45) 4.02 (0.46) 0.069 | 4.00 (0.46) 4.02 (0.47) 0.044
Na, xmmol/L (mean, SD) 139.66 (3.50) 140.08 (6.25) 0.067 | 139.68 (3.60) 140.06 (6.31) 0.059
Blood glucose, x mmol/L (mean, SD) 6.81 (2.36) 6.95 (2.71) 0.058 | 38.00 (5.00) 38.00 (6.00) 0.087
Cr,x mmol/L (mean, SD) 8.12 (4.15) 7.21 (4.99) 0.198 | 69.73 (52.94) 71.83 (64.61) 0.011
Albumin , x g/L (mean, SD) 74.23 (48.61) 71.88 (67.80) 0.040 | 125.00 (25.00) | 122.50 (17.75) | 0.033
p-Dimer, x mg/L (mean, SD) 4.85 (4.60) 4.89 (5.14) 0.009 | 2.98 (4.43) 4.24(7.45) 0.056

Table 2. Patient characteristics before and after propensity score matching by intraoperative CV-MAP levels
(normal <10% vs. high>10%). SD, Standard deviation; COPD, Chronic obstructive pulmonary disease;
CV-MARP, the coefficient of variation in mean arterial pressure; ICU, Intensive Care Unit; ASA: the American
Society of Anesthesiologists Physical Status Classification System; WBC, White blood cell; NEU, Neutrophil,
HGB, hemoglobin;K, Potassium; Na, Sodium; RBC, red blood cell; WBC, White blood cell; Cr, Creatinine.
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as indicated by standardized mean differences (SMD < 0.1). The table underscores the rigorous matching process
used to ensure comparability and reduce confounding in analyzing the impact of CV-MAP on postoperative
outcomes.

The y-axis of Fig. 2a shows the mean intraoperative CV-MAP before PSM, with the without delirium group
averaging 9.09% and the delirium group averaging 11.98%, a statistically significant difference (*p <0.001).
Figure 2d presents the data after PSM, where the without delirium group had a CV-MAP of 9.64%, compared to
12.59% in the delirium group.

Table 3, Fig. 2b and e compares the incidence of POD before and after propensity score matching (PSM)
based on intraoperative blood pressure variability (CV-MAP <10% vs.>10%). Before PSM, the POD incidence
was 16.44% in the CV-MAP <10% group versus 24.63% in the CV-MAP >10% group (Fig. 2b and Table 3).
After PSM, the difference persisted, with POD rates of 18.9% in the CV-MAP < 10% group and 25.2% in the CV-
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Fig. 2. Relationship between different intraoperative CV-MAP level groups and POD rates in patients with hip
fracture before and after PSM. (a) Mean and standard deviation of CV-MAP levels between the POD group
and without POD group before PSM. (b) Comparison of POD rates before PSM based on intraoperative CV-
MAP (CV-MAP<10% vs.>10%). (c) Patients were categorized into 3 groups using tertiles, comparing POD
rates among the 3 groups before PSM. (d) Mean and standard deviation of CV-MAP levels between the POD
group and without POD group after PSM. (e) Comparison of POD rates after PSM based on intraoperative
CV-MAP (CV-MAP<10% vs.>10%). (f) Patients were categorized into 3 groups using tertiles, comparing
POD rates among the 3 groups after PSM.
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Before PSM After PSM
No. (%) No. (%)
IntraoperativCV-MAP | Cutoff value | Without delirium | Delirium | *p-value | Clinical cutoffs | Without delirium | Delirium | *p-value
<10% (596) | 498 (83.56) 98 (16.44) <10% (397) 322 (81.1) 75 (18.9)
Cutoff value <0.001 0.032
>10% (406) | 306 (75.37) 100 (24.63) >10% (397) 297 (74.8) 100 (25.2)

Table 3. Comparison of the incidence of delirium before and after PSM based on intraoperative CV-MAP
levels. PSM, propensity scores matching; CV-MAP, the coeflicient of variation in mean arterial pressure.
*p-value is from Chi-Squared Test to indicate significant differentiation (p <0.05 means significant

differentiation).
p*
Intraoperative Model 1 (unadjusted Model 2 (multivariable Model 3 (PSM adjusted | trend
Type CV-MAP (%) OR) p*trend 1 | regression adjusted OR) | p* trend 2 | OR) 3
Continuous | Per 1 1.16 (1.12-1.21) <0.001 1.14 (1.09-1.19) 0.001 NA NA
<10% 1 [Reference] 1 [Reference] 1 [Reference]
Cutoff value 0.001 0.005 0.033
>10% 1.66 (1.21-2.27) 1.67 (1.17-2.39) 1.45 (1.03-2.03)
T1(£7.56%) 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
Tertiles T2 (7.56-10.81%) | 1.11 (0.73-1.69) 0.619 1.17 (0.73-1.86) 0.512 1.15 (0.75-1.77) 0.513
T3 (>10.81% 2.18 (1.49-3.21) <0.001 2.22 (1.44-3.45) <0.001 1.97 (1.31-2.95) 0.001

Table 4. Unadjusted and adjusted association between Intraoperative CV-MAP levels and delirium. CI,
confidence interval; OR, odds ratio; PSM, propensity scores matching; CV-MAP, the coefficient of variation in
mean arterial pressure. *P for trend; NA#, Not applicable.

MAP >10% group (p=0.032) (Fig. 2e and Table 3). These results demonstrate a consistent association between
elevated CV-MAP and higher POD risk, even after adjustment for confounders.

Association between intraoperative blood pressure variability and POD

The association between intraoperative CV-MAP and POD in geriatric patients undergoing hip fracture surgery
is comprehensively analyzed in Table 4. The table presents three models to evaluate this relationship: unadjusted
analysis (Model 1), multivariable regression adjusted for confounding factors (Model 2), and propensity score-
matched (PSM) analysis (Model 3).

When treated as a continuous variable, CV-MAP was significantly associated with an increased risk of POD.
In Model 1, each 1% increase in CV-MAP was associated with a 16% higher risk of POD (odds ratio [OR]: 1.16,
95% CI 1.12-1.21, p<0.001). This association persisted after adjusting for potential confounders, including age,
hypertension, stroke, intracerebral hemorrhage, ASA classification, Surgery type and albumin, (adjusted OR:
1.14, 95% CI 1.09-1.19, p=0.001). Due to sample size limitations, PSM-adjusted analysis for the continuous
variable was not performed.

Patients were further categorized into two groups based on a CV-MAP cutoft of 10%. Compared to those
with CV-MAP <10%, patients with CV-MAP >10% exhibited a significantly higher risk of POD in all models.
The unadjusted analysis (Model 1) indicated an OR of 1.66 (95% CI 1.21-2.27, p=0.001), which increased to
1.67 (95% CI 1.17-2.39, p=0.005) after adjusting for confounders in Model 2. PSM analysis in Model 3 further
confirmed this finding, with an OR of 1.45 (95% CI 1.03-2.03, p=0.033).

Additionally, Patients were divided into three CV-MAP tertiles: T1 (<7.56%), T2 (7.56-10.81%), and T3
(>10.81%). T1 was the reference group. Although T2 showed no significant POD risk difference compared to
T1, T3 consistently had higher risk. In the unadjusted analysis, T3 was associated with an OR of 2.18 (95% CI
1.49-3.21, p<0.001). The association remained significant after multivariable adjustment (adjusted OR: 2.22,
95% CI 1.44-3.45, p<0.001) and PSM analysis (adjusted OR: 1.97, 95% CI 1.31-2.95, p=0.001). These findings
emphasize a dose-response relationship, with a pronounced increase in POD risk observed in the highest tertile
of CV-MAP.

Trends remained consistent before and after PSM, with T3 consistently showing a higher POD incidence
(Fig. 2c and f). Before PSM, the incidence was 15.0% in T1, 16.4% in T2, and 27.8% in T3. After PSM, the
incidence was 15.2% in T1, 16.8% in T2, and 26.1% in T3. These findings suggest that higher MAP variability
(CV-MAP) in the T3 group is associated with an increased risk of POD, and this association persists even after
adjusting for confounders, highlighting CV-MAP as a potential key risk factor for POD.

Figure 3a illustrates the relationship between POD and intraoperative MAP. The y-axis represents the
adjusted OR (with 95% CI), while the x-axis shows intraoperative MAP levels. The curve exhibits a U-shaped
pattern, indicating that both low MAP values (around 60 mmHg) and high MAP values (around 100 mmHg) are
associated with an increased risk of POD. In contrast, MAP values near 80 mmHg are associated with the lowest
risk. This illustrates the relationship and the trend of MAP’s impact on POD risk.

Figure 3b presents the restricted cubic spline (RCS) curve for the risk of POD. The y-axis represents the
probability/odds (with 95% confidence intervals), and the x-axis shows CV-MAP. The light green area illustrates
the predicted probability of POD, while the purple vertical lines represent the observed incidence rates of POD.
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Fig. 3. Relationship between intraoperative Mean — MAP levels and POD in patients with hip fracture. (a)
Adjusted odds ratios (ORs) for postoperative delirium across intraoperative mean-MAP levels—showing a
U-shaped pattern—include ORs and 95% confidence intervals (CIs) for 10 mmHg deviation from the reference
value of intraoperative Mean — MAP levels. (b) Predicted probabilities and the observed rate of POD based on
CV-MAP.

Both the predicted probability and observed incidence increase as CV-MAP rises, highlighting the positive
association between intraoperative blood pressure variability and POD risk.

Similarly, the relationship between POD and intraoperative mean systolic blood pressure (mean-SBP) levels
also follows a U-shaped curve (Fig. 4a). This indicates that both excessively high and low intraoperative mean-
SBP levels are associated with higher adjusted odds ratios for POD, whereas an intermediate SBP level (around
120 mmHg) corresponds to a relatively lower odds ratio and reduced risk. Additionally, as the coefficient of
variation in systolic blood pressure increases, both the predicted probability and observed occurrence of POD
rise, suggesting that greater systolic CV-MAP is associated with a higher risk of POD (Fig. 4b).

For diastolic blood pressure (DBP), the relationship between intraoperative mean DBP levels and POD risk
approximates a U-shaped curve (eFig. 1a). However, the risk remains relatively stable at lower DBP levels and
increases sharply once a certain threshold (around 70 mmHg) is exceeded. This indicates that systolic blood
pressure (SBP) has a relatively broader “safe range” concerning POD risk, while the “safe range” for DBP may be
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Fig. 4. Relationship between intraoperative Mean — SBP levels and POD in patients with hip fracture. (a)
Adjusted odds ratios (ORs) and 95% confidence intervals (CIs) are shown for 10 mmHg deviation away from
the reference value of intraoperative Mean — SBP levels. (b) Predicted probabilities and the observed rate of
POD based on CV-SBP.

narrower, with a more pronounced risk increase beyond its upper limit. In contrast, the impact of the coefficient
of variation in DBP on POD risk is relatively minor (eFig. 1b) , showing overall gradual changes and a narrower
fluctuation range. These findings indicate that SBP stability is likely more critical for reducing POD risk, while
DBP stability, although relevant, plays a comparatively weaker role.

Predicted probabilities and observed odds ratios (ORs) for POD based on intraoperative CV-MAP levels
(Fig. 5) show a heightened risk of delirium with increasing intraoperative CV-MAP levels.

Opverall, these results highlight a robust and consistent association between elevated intraoperative blood
pressure variability and POD risk. The findings underscore the importance of individualized intraoperative
blood pressure management to mitigate the risk of POD, particularly in patients with a CV-MAP exceeding 10%
or in the upper tertile.
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Fig. 5. Adjusted odds ratios (ORs) and 95% confidence intervals (Cls) are shown for each 5% deviation
away from the reference value of intraoperative CV-MAP level. A logistic regression model was first fitted,
incorporating restricted cubic spline transformations for CV-MAP to capture its non-linear association with
postoperative delirium. Based on the model’s coefficients and spline transformations, predicted adjusted odds
ratios (ORs) and their 95% confidence intervals (ClIs) were calculated for different CV-MAP values. These
results were then visualized to illustrate the relationship between intraoperative CV-MAP levels and adjusted
ORs for POD.

Interaction analysis

Building on the observed dose-response relationship between intraoperative BPV and POD risk, we further
investigated whether patient-specific factors modified this association through subgroup interaction analyses
(Fig. 6).A notable interaction was observed for chronic kidney disease (CKD). Patients with CKD demonstrated
a markedly higher risk of POD with CV-MAP>10% (OR: 5.87, 95% CI 1.43-24.11, p for interaction=0.05),
whereas the association was weaker in patients without CKD (OR: 1.34, 95% CI 0.94-1.90). Patients with ASA
II-IV classification had a stronger association between CV-MAP >10% and POD (OR: 1.88, 95% CI 1.25-2.84),
compared to those with ASA I-II classification, which showed no significant association (OR: 0.79, 95% CI 0.41-
1.54). This interaction was statistically significant (p=0.03). Among patients with blood glucose >6.10 mmol/L,
CV-MAP>10% significantly increased the risk of POD (OR: 2.33, 95% CI 1.30-4.18), while no significant
association was found in those with blood glucose <6.10 mmol/L (OR: 1.05, 95% CI 0.68-1.61). The interaction
test was significant (p=0.03).

Discussion

In this study, we examined the association between intraoperative BPV and POD in geriatric patients undergoing
hip fracture surgery. Our findings indicate that increased BPV is significantly associated with a higher incidence
of POD, underscoring the clinical relevance of monitoring intraoperative hemodynamic stability as a potential
modifiable factor in this vulnerable population.

Our results align with previous research highlighting the impact of intraoperative hemodynamic fluctuations
on postoperative outcomes. A study by Wang et al. found a J-shaped association between absolute levels of mean
surgery MAP (msMAP) and PD risk. Higher msMAP (>80 mmHg) was associated with an increased PD risk
(OR=2.28 per 10 mmHg increase), while lower msMAP (<80 mmHg) was linked to a lower PD risk (OR=0.19
per 10 mmHg increase) in elderly hip fracture patients®®. No significant relationship was found between PD risk
and the percent change from baseline in msMAP. The study concluded that both very high and very low msMAP
levels increased the risk of PD in elderly hip fracture patients. Unlike Wang et al., who measured BPV via absolute
hypotension thresholds, our use of CV-MAP accounts for relative variability, enabling direct comparison across
heterogeneous populations. While Hirsch et al. (2021) observed no significant association between intraoperative
hypotension (relative or absolute) and POD in non-cardiac surgery patients, their findings align partially with
ours: both studies highlight blood pressure variability (BPV) as a critical risk factor 2°. The apparent discrepancy
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Cv-map <10% (N=397)

Cv-map >10% (N=397)

Subgroup and Interaction Effects

Subgroup Event/Total (%) Event/Total (%) Odd Ratio(95 %CI) P for interaction
Age, years
>80 54/209(25.8) 70/192(36.5) o 1.65(1.08-2.52) 0.61
<80 21/188(11.2) 30/205(14.6) —o— 1.36(0.75-2.48) .
Sex
Male 31/162(19.1) 35/163(21.5) P 1.56(0.67-1.99) 030
Female 44/235(18.7) 65/234(27.8) o 1.67(1.08-2.58)
Smoking
Yes 10/68(14.7) 13/72(18.1) [ P— 1.28(0.52-3.15) 0.76
No 65/329(19.8) 87/325(26.8) o 1.49(1.03-2.14) :
Alcohol
Yes 8/45(17.8) 9/44(20.5) —— 1.19(0.41-3.43) 0.70
No 67/352(19.0) 91/353(25.8) [ 1.48(1.03-2.11) :
Hypertension
Yes 47/185(25.4) 68/183(37.2) o 1.74(1.11-2.71) 0.26
No 28/212(13.2) 32/214(15.0) i 1.16(0.67-2.00)
Diabetes
Yes 7/35(20) 13/46(28.3) I—e—— 1.58(0.55-4.49) 0.86
No 68/362(18.8) 87/351(24.8) ot 1.43(1.00-2.04) .
COPD
YES 10/35(28.6) 9/35(25.7) ——— 0.87(0.30-2.49) 0.41
No 65/362(18.0) 91/362(25.1) ot 1.53(1.07-2.20)
Cardiovascular disease
Yes 29/118(24.6) 43/117(36.8) i 1.78(1.02-3.13) 0.38
No 46/279(16.5) 57/280(20.4) et 1.30(0.84-1.99)
Cerebral infarction
Yes 31/94(33.0) 47/101(46.5) i 1.77(1.00-3.16) 0.39
No 44/303(14.5) 53/296(17.9) o— 1.28(0.83-1.99) -
Dementia
Yes 9/23(39.1) 10/24(41.17) —— 1.11(0.35-3.57) 0.64
No 66/374(17.6) 90/373(24.1) Fort 1.48(1.04-2.12)
Intracerebral hemorrhage
Yes 11/20(55.0) 13/27(48.1) i 0.76(0.24-2.42) 027
No 64/377(17.0) 87/370(23.5) o 1.50(1.05-2.16)
Chronic liver disease
Yes 3/18(16.7) 5/18(27.8) —— 1.92(0.38-9.65) 072
No 72/379(19.0) 95/379(25.1) - 1.43(1.01-2.02) )
Chronic kidney disease
Yes 5/21(23.8) 11/17(64.7) —— 5.87(1.43-24.11) 0.05
No 70/376(18.7) 89/380(23.4) o 1.34(0.94-1.90) fea
Tumor
Yes 7/33(21.2) 12/36(33.3) —— 1.86(0.63-5.50 0.63
No 68/364(18.7) 88/361(24.4) HlH 1.40(0.98-2.00) :
Chronic steroid use
Yes 1/2(50.0) 1/3(33.3) — 0.50(0.01-19.56) 0.57
No 74/395(18.7) 99/394(25.1) HiH 1.47(1.04-2.05)
Fracture type
Femoral neck fracture 38/232(16.4) 60/225(26.7) HE— 1.87(1.18-2.93) 0.16
Intertrochanteric fractur 34/143(23.8) 39/152(25.7) i 1.11(0.65-1.88) )
Subtrochanteric fracture 3/22(13.6) 1/20(5.0) ——— 0.33(0.03-3.50)
Surgery type
Total Hip Arthroplasty 14/53(26.4) 19/56(33.9) - 1.43(0.63-3.26) 0.36
Hemiarthroplasty 21/106(19.8) 39/105(37.1) —ili— 2.39(1.29-4.45) -
Intramedullary nail fixat 26/116(22.4) 29/117(24.8) i 1.14(0.62-2.09)
Internal fixation with ste: 9/49(18.4) 7/46(15.2) —— 0.80(0.27-2.35)
Internal fixation with hol 5/73(6.8) 6/73(8.2) i 1.22(0.36-4.18)
Intraoperative blood loss, ml
2200 34/146(23.3) 46/145(31.7) il 1.53(0.91-2.57) 0.79
<200 41/251(16.3) 54/252(21.4) - 1.40(0.89-2.19)

Intraoperative time,xhour

Fig. 6. Subgroup analysis of association CV-MAP and POD after propensity score matching.

regarding hypotension may stem from differences in patient populations (e.g., hip fracture vs. general non-
cardiac surgery), thresholds for defining hypotension (e.g., MAP<50 mmHg vs. alternative metrics), or
methodologies for quantifying BPV. Notably, Hirsch et al. focused on short-term variability, whereas our study
employed the coeflicient of variation (CV-MAP), which normalizes variability to mean pressure, potentially
enhancing sensitivity in elderly cohorts. These distinctions underscore the need for standardized definitions
and context-specific risk assessments in perioperative care. A study by Zhang found that MAPV greater than
2.17 was associated with a higher risk of POD in elderly patients after hip fracture surgery®’. The multivariate
analysis showed that higher MAPV increased the risk of POD (OR: 2.379, P <0.001). After adjusting for other
factors using propensity score matching, this association remained significant (OR: 2.851, P <0.001). Compared
to this study, in our research, intraoperative BPV was quantified using CV_MAP, offering a more standardized
and precise measure than MAPV. This approach enables a better assessment of relative BP fluctuations, making it
more applicable to diverse patient populations with varying baseline blood pressure levels. A study by Shen et al.
concluded that maintaining stable blood pressure postoperatively could help reduce the risk of POD in cardiac
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>1.60 33/168(19.6) 34/152(22.4) il 1.18(0.69-2.02) 035
<1.60 42/229(18.3) 66/245(26.9) il 1.64(1.06-2.54)
Transfusion
Yes 15/66(22.7) 22/62(35.5) i 1.87(0.86-4.06) 0.48
No 60/331(18.1) 78/335(23.3) HilH 1.37(0.94-2.00)
Postoperative ICU
Yes 3/25(12.0) 8/28(28.6) —— 2.93(0.68-12.61) 0.33
No 72/372(19.4) 92/369(24.9) HilH 1.38(0.98-1.96)
Bedridden time, xdays
>4.0 53/286(18.5) 76/290(26.2) HiliH 1.56(1.05-2.32) 0.46
<4.0 22/111(19.8) 24/107(22.4) i 1.17(0.61-2.24) )
ASA classification
Yes 53/223(23.8) 82/222(36.9) HilH 1.88(1.25-2.84) 0.03
No 22/174(12.6) 18/175(10.3) il 0.79(0.41-1.54) :
‘WBC count, x10"9/L
>9.6 24/131(18.3) 32/129(24.8) - 1.47(0.81-2.67) 0.94
<9.6 51/266(19.2) 68/268(25.4) Hl— 1.43(0.95-2.16) -
NEU count, x10°9/L
>6.4 41/197(20.8) 45/185(24.3) Hil— 1.22(0.76-1.98) 033
<6.4 34/200(17.0) 55/212(25.9) -l 1.71(1.06-2.76)
HGB level, xg/L
>130 20/145(13.8) 22/126(17.5) v 1.32(0.68-2.56) 0.82
<130 55/252(21.8) 78/271(28.8) Hl— 1.45(0.97-2.16) .
K, xmmol/L
>3.50 62/352(17.6) 87/355(24.5) H- 1.52(1.05-2.19) 0.53
<3.50 13/45(28.9) 13/42(31.0) e 1.10(0.44-2.77)
Na, xmmol/L
2137 63/346(18.2) 83/346(24.0) Hi- 1.42(0.98-2.05) 078
<137 12/51(23.5) 17/51(33.3) i 1.63(0.68-3.88)
Blood glucose, xmmol/L
>6.10 21/116(18.1) 50/147(34.0) - 2.33(1.30-4.18) 0.03
<6.10 54/281(19.2) 50/250(20.0) i o 1.05(0.68-1.61)
Cr,xmmol/L
>62 34/176(19.3) 52/182(28.6) i 1.67(1.02-2.74) 0.42
<62 41/221(18.6) 48/215(22.3) - 1.26(0.79-2.01) )
Albumin , xg/L
>40 15/169(8.9) 19/150(12.7) - 1.49(0.73-3.05) 0.84
<40 60/228(26.3) 81/247(32.8) H 1.37(0.92-2.03) ’
D-Dimer, xmg/L
20.56 67/357(18.8) 91/350(26.0) HiH 1.52(1.06-2.17) 0.41
<0.56 8/40(20.0) 9/47(19.1) —— 0.95(0.33-2.74) N

Figure 6. (continued)
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surgery patients®®. However, in a study included 2,352 patients by Technologies on patients over 70 undergoing
elective non-cardiac surgery, no association was found between intraoperative hypotension and POD¥.

From a treatment perspective, our findings highlight the need for intraoperative hemodynamic stabilization
using strategies such as continuous invasive monitoring, titrated vasopressors, and regional anesthesia to minimize
BPV. Preoperative optimization of hypertension and hyperglycemia further enhances cerebrovascular resilience,
reducing vulnerability to BPV-induced insult. Additionally, preoperative BPV may reflect underlying vascular
dysfunction and should be addressed through antihypertensive therapy and lifestyle modifications. Stabilizing
preoperative blood pressure reduces intraoperative variability, thereby lowering POD risk.

The pathophysiological mechanisms linking intraoperative BPV to POD are complex and likely multifactorial.
One hypothesized pathway involves disruptions in cerebral autoregulation—a mechanism thought to
maintain stable cerebral blood flow across systemic blood pressure ranges. When BPV exceeds hypothesized
autoregulatory thresholds, transient hypoperfusion may lead to ischemic injury or neuronal apoptosis, while
hyperperfusion could result in oxidative stress or endothelial dysfunction?*%-43, Both scenarios contribute to
neuroinflammation, a key driver of delirium pathogenesis.

Additionally, BPV may exacerbate systemic inflammation, another recognized factor in POD development 4.
Fluctuations in blood pressure have been associated with increased levels of pro-inflammatory cytokines, which
can cross the blood-brain barrier and activate microglia?®*’. This neuroinflammatory cascade is thought to
disrupt synaptic connectivity and impair neurotransmitter systems, including cholinergic and dopaminergic
pathways, leading to the cognitive and behavioral manifestations of delirium*®°.

The multivariate analysis identifies several significant factors associated with POD in geriatric patients
undergoing hip fracture surgery. These risk factors likely contribute to POD through distinct yet interrelated
pathophysiological mechanisms. Advanced age (adjusted OR: 1.04) remained a significant predictor of POD,
consistent with prior studies linking aging to reduced cognitive reserve and pre-existing neurodegeneration (e.g.,
Alzheimer’s or vascular dementia), which impair neuronal plasticity and resilience to perioperative stressors.
Aging also exacerbates susceptibility to cerebral hypoperfusion and neuroinflammation, both implicated in
delirium pathogenesis. These factors collectively lower the threshold for delirium in elderly patients, even in the
absence of overt preoperative cognitive impairment®. Hypertension (adjusted OR: 2.09) was strongly associated
with POD, likely due to chronic vascular remodeling and reduced cerebral autoregulatory capacity”!. This aligns
with evidence that hypertensive patients are more vulnerable to perioperative hemodynamic fluctuations, which
can exacerbate brain injury. A history of stroke (adjusted OR: 1.91) and intracerebral hemorrhage (adjusted OR:
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3.34) significantly increased POD risk, reflecting the role of preexisting cerebrovascular damage in lowering
the brain’s resilience to perioperative stressors®>>>. Higher ASA classification (II[-IV vs. I-II; adjusted OR: 1.60)
indicates greater systemic disease burden, which amplifies vulnerability to POD*’. Lower albumin levels (adjusted
OR: 0.91) were inversely associated with POD, reflecting the role of nutritional status and systemic inflammation
in delirium risk®*>>. The identified factors—age, hypertension, prior cerebrovascular events, ASA classification,
intraoperative BPV, and albumin levels—highlight the multifactorial nature of POD and underscore the
importance of individualized perioperative care. Addressing these modifiable risks can significantly improve
outcomes in geriatric patients undergoing hip fracture surgery.

Our findings suggest that MAP values around 80 mmHg were associated with a lower risk of POD, though
further studies are needed to establish clinical guidelines. This indicates that within this range, cerebral blood
flow remains stable, avoiding both hypoperfusion and damage associated with excessive pressure. For systolic
blood pressure (SBP), a broader “safe range” was observed, likely due to the brain’s autoregulation of blood flow
relying primarily on SBP. Maintaining SBP around 120 mmHg appeared to support stable cerebral perfusion.
In contrast, diastolic blood pressure (DBP) demonstrated a narrower "safe range," with greater sensitivity to
fluctuations. Elevated DBP may increase peripheral vascular resistance, leading to cardiac strain and cerebral
perfusion instability, while low DBP could compromise coronary perfusion, indirectly affecting cerebral blood
flow. Notably, low diastolic blood pressure (DBP) in elderly patients is frequently associated with arterial stiffness,
a hallmark of aging-related vascular remodeling, which may influence these findings.

Interestingly, this study found that intraoperative systolic BPV and MAP variability (MAPV) are significantly
associated with POD, whereas diastolic BPV is not. This finding underscores the differing physiological roles of
blood pressure components in cerebral autoregulation and POD risk.

SBP and MAP directly influence cerebral perfusion pressure, which is tightly regulated by autoregulatory
mechanisms®®. Large fluctuations in these parameters can lead to hypoperfusion or hyperperfusion, causing
neuronal injury and neuroinflammation, key contributors to POD*”. DBP, reflecting vascular tone, has a lesser
role in acute changes in cerebral perfusion®®. SBP and MAP are more dynamic markers of intraoperative stress,
making their variability more predictive of adverse outcomes compared to DBP.

The observed interactions suggest that chronic kidney disease (CKD), higher ASA classification (III-IV), and
elevated blood glucose levels (>6.10 mmol/L) may amplify the effects of intraoperative BPV on POD. CKD is
associated with impaired vascular autoregulation and heightened neuroinflammation, making the brain more
vulnerable to perfusion fluctuations®. The stronger association between BPV and POD in CKD patients may be
attributed to uremic toxins, such asindoxyl sulfate and p-cresyl sulfate, which accumulate in renal dysfunction®®6!.
These toxins disrupt the blood-brain barrier, induce neuroinflammation, and impair neurotransmitter systems,
exacerbating vulnerability to delirium. Higher ASA classifications reflect reduced physiological reserve,
increasing susceptibility to hemodynamic instability and cerebral injury®?-%‘. Hyperglycemia exacerbates
systemic inflammation, oxidative stress, and blood-brain barrier dysfunction, further amplifying the risk of
neuroinflammation and neuronal damage®. These mechanisms highlight the importance of individualized
perioperative management to mitigate POD risk in these high-risk subgroups.

The identification of BPV as an independent risk factor for POD has several practical implications. First,
it reinforces the importance of intraoperative hemodynamic monitoring and control in geriatric surgical
patients. Continuous blood pressure monitoring, ideally with invasive arterial lines, enables real-time detection
and management of significant fluctuations. Anesthetic techniques and pharmacologic interventions should
be tailored to minimize BPV while avoiding prolonged hypotension, which has its own set of adverse effects.
Second, our findings suggest that preoperative optimization of cerebrovascular and systemic health may enhance
resilience against BPV-induced insults. Interventions such as blood pressure stabilization, correction of anemia,
and nutritional support could improve autoregulatory capacity and reduce inflammation, thereby lowering POD
risk. Third, the dose-response relationship between BPV and POD risk suggests that even modest reductions in
variability could yield significant clinical benefits.

The strengths of this study include its large sample size, robust statistical methods, and focus on a clinically
relevant and vulnerable population. By employing PSM, we minimized confounding and ensured balanced
comparison groups, enhancing the validity of our findings. While PSM improves the robustness of our findings,
residual confounding remains a possibility, as unmeasured variables such as baseline frailty and cognitive status
were not accounted for. Additionally, the use of restricted cubic spline analysis allowed us to explore nonlinear
relationships, providing nuanced insights into the dose-response effects of BPV. Furthermore, our study
extends the understanding of BPV’s impact by focusing on a geriatric population characterized by heightened
vulnerability to cerebrovascular and cognitive insults. Compared to younger cohorts, older adults have reduced
cerebrovascular reserve, increased prevalence of comorbidities, and greater susceptibility to neuroinflammatory
processes, making BPV a particularly relevant concern in this group. By addressing these population-specific
risks, our findings contribute to the growing body of evidence emphasizing the importance of tailored
perioperative management strategies for elderly patients.

However, several limitations warrant consideration. The retrospective design precludes causal inference, and
unmeasured confounding cannot be entirely excluded despite PSM. Our reliance on single-center data may limit
generalizability, and variations in surgical and anesthetic practices across institutions could influence outcomes.
Potential selection bias that may arise from single-center design. Furthermore, while CV-MAP provides a
standardized measure of BPV; it may not capture all aspects of hemodynamic instability. Third, while propensity
score matching adjusted for numerous covariates, unmeasured confounders—such as baseline frailty (assessed via
tools like the Clinical Frailty Scale) and preoperative cognitive function—may have influenced our findings. Frailty
and cognitive impairment are well-established risk factors for POD but were not systematically documented in our
dataset, potentially introducing residual confounding.
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Building on our findings, prospective studies are needed to establish causal relationships and refine BPV
management strategies. Randomized controlled trials comparing different hemodynamic targets and variability
thresholds could provide high-quality evidence to inform clinical guidelines. Additionally, research into the
underlying mechanisms of BPV’s effects on the aging brain, including advanced neuroimaging and biomarker
studies, could enhance our understanding of delirium pathophysiology and identify novel therapeutic targets.

Conclusions

This study demonstrates that elevated intraoperative BPV independently increases POD risk in elderly hip
fracture patients, particularly among high-risk subgroups (e.g., CKD, ASA III-IV). Our findings underscore the
critical need for individualized hemodynamic management, including continuous intraoperative monitoring
and targeted interventions to stabilize cerebral perfusion. Clinically, preoperative optimization of comorbidities
and nutritional status may further mitigate risk. Future research must prioritize interventional trials—such as
randomized controlled studies comparing BPV thresholds or neuroprotective strategies—to establish causal
relationships and refine guidelines. These efforts will advance perioperative care, ultimately improving outcomes
for this vulnerable population.

Data availability
All the data used and analyzed during the current study are available from the corresponding author upon rea-
sonable request.

Received: 20 January 2025; Accepted: 24 April 2025
Published online: 29 April 2025

References

1. Morley, J. E. Hip fractures. J. Am. Med. Dir. Assoc. 11(2), 81-83 (2010).

2. Veronese, N. & Maggi, S. Epidemiology and social costs of hip fracture. Injury 49(8), 1458-1460 (2018).

3. Swenning, T., Leighton, J., Nentwig, M. & Dart, B. Hip fracture care and national systems. OTA Int. 3(1), €073 (2020).

4. Braithwaite, R. S., Col, N. FE. & Wong, J. B. Estimating hip fracture morbidity, mortality and costs. J. Am. Geriatr. Soc. 51(3),
364-370 (2003).

5. Parker, M. & Johansen, A. Hip fracture. BMJ 333(7557), 27-30 (2006).

6. Dumitriu, A., Ene, R. & Mirea, L. Key considerations for frail patients undergoing hip fracture surgery. Clin. Pract. 14(6), 2256
2266 (2024).

7. Li, X., Gong, X, He, L. & Wu, X. Current surgical status of hip fracture among elderly in China. Injury 55(2), 111083 (2024).

8. Bhandari, M. & Swiontkowski, M. Management of acute hip fracture. N. Engl. . Med. 377(21), 2053-2062 (2017).

9. Pincus, D. et al. Association between wait time and 30-day mortality in adults undergoing hip fracture surgery. JAMA 318(20),
1994 (2017).

10. Simunovic, N. et al. Effect of early surgery after hip fracture on mortality and complications: Systematic review and meta-analysis.
Can. Med. Assoc. J. 182, 1609-1616 (2010).

11. Deiner, S. & Silverstein, J. H. Postoperative delirium and cognitive dysfunction. Br. J. Anaesth. 103(Suppl), i41-46 (2009).

12. Paunikar, S. & Chakole, V. Postoperative delirium and neurocognitive disorders: A comprehensive review of pathophysiology, risk
factors, and management strategies. Cureus https://doi.org/10.7759/cureus.68492 (2024).

13. Feng, C. et al. Association of preoperative frailty with the risk of postoperative delirium in older patients undergoing hip fracture
surgery: A prospective cohort study. Aging Clin. Exp. Res. https://doi.org/10.1007/s40520-023-02692-5 (2024).

14. Gracie, T. J., Caufield-Noll, C., Wang, N.-Y. & Sieber, F. E. The association of preoperative frailty and postoperative delirium: A
meta-analysis. Anesth. Analg. 133(2), 314-323 (2021).

15. Rizk, P, Morris, W., Oladeji, P. & Huo, M. Review of postoperative delirium in geriatric patients undergoing hip surgery. Geriatr.
Orthop. Surg. Rehabil. 7(2), 100-105 (2016).

16. Bellelli, G. et al. The impact of psychomotor subtypes and duration of delirium on 6-month mortality in hip-fractured elderly
patients. Int. . Geriatr. Psychiatry https://doi.org/10.1002/gps.4914 (2018).

17. Bellelli, G. et al. Duration of postoperative delirium is an independent predictor of 6-month mortality in older adults after hip
fracture. J. Am. Geriatr. Soc. 62(7), 1335-1340 (2014).

18. Inouye, S. K., Westendorp, R. G. J. & Saczynski, J. S. Delirium in elderly people. Lancet 383(9920), 911-922 (2014).

19. Rawle, M. J., McCue, L., Sampson, E. L., Davis, D. & Vickerstaff, V. Anticholinergic burden does not influence delirium subtype
or the delirium-mortality association in hospitalized older adults: Results from a prospective cohort study. Drugs Aging 38(3),
233-242 (2021).

20. Hirsch, J., DePalma, G., Tsai, T. T., Sands, L. P. & Leung, J. M. Impact of intraoperative hypotension and blood pressure fluctuations
on early postoperative delirium after non-cardiac surgery. Br. J. Anaesth. 115(3), 418-426 (2015).

21. Radinovic, K. et al. Impact of intraoperative blood pressure, blood pressure fluctuation, and pulse pressure on postoperative
delirium in elderly patients with hip fracture: A prospective cohort study. Injury 50(9), 1558-1564 (2019).

22. Wang, N.-Y,, Hirao, A. & Sieber, F. Association between intraoperative blood pressure and postoperative delirium in elderly hip
fracture patients. PLoS ONE 10, e0123892 (2015).

23. Lizano-Diez, I, Poteet, S., Burniol-Garcia, A. & Cerezales, M. The burden of perioperative hypertension/hypotension: A systematic
review. PLoS ONE 17(2), 0263737 (2022).

24. Parati, G., Ochoa, J. E., Lombardi, C. & Bilo, G. Assessment and management of blood-pressure variability. Nat. Rev. Cardiol. 10(3),
143-155 (2013).

25. Lopez, M. G. et al. Intraoperative oxidative damage and delirium after cardiac surgery. Anesthesiology 132(3), 551-561 (2019).

26. Ma, Y., Tully, P. J., Hofman, A. & Tzourio, C. Blood pressure variability and dementia: A state-of-the-art review. Am. J. Hypertens.
33(12), 1059-1066 (2020).

27. Muntner, P. et al. Visit-to-visit variability of blood pressure and coronary heart disease, stroke, heart failure, and mortality. Ann.
Intern. Med. 163(5), 329-338 (2015).

28. Stevens, S. L. et al. Blood pressure variability and cardiovascular disease: Systematic review and meta-analysis. BMJ https://doi.or
¢/10.1136/bmj.i4098 (2016).

29. Shen, X. et al. Perioperative blood pressure variability as a risk factor for postoperative delirium in the patients receiving cardiac
surgery. BMC Anesthesiol. https://doi.org/10.1186/s12871-024-02817-x (2024).

30. Parati, G. et al. European Society of Hypertension practice guidelines for ambulatory blood pressure monitoring. J. Hypertens.
32(7), 1359-1366 (2014).

Scientific Reports |

(2025) 15:15007 | https://doi.org/10.1038/s41598-025-00019-0 nature portfolio


https://doi.org/10.7759/cureus.68492
https://doi.org/10.1007/s40520-023-02692-5
https://doi.org/10.1002/gps.4914
https://doi.org/10.1136/bmj.i4098
https://doi.org/10.1136/bmj.i4098
https://doi.org/10.1186/s12871-024-02817-x
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

36.
37.
38.
39.

40.
. De Georgia, M. & Miller, B: Brain injury from cerebral hypoperfusion. In: Primer on Cerebrovascular Diseases. 423-426 (Elsevier,

42.
43.
44.
45.
46.
47.
48.
49.
. Wolters, E et al. Cerebral perfusion and the risk of dementia: A population-based study. Circulation 136(8), 719-728 (2017).
51.
52.
. Shaw, R. et al. Delirium in an acute stroke setting, occurrence, and risk factors. Stroke 50(11), 3265-3268 (2019).
s

56.
57.

58.
59.
60.
61.
62.
63.
64.

65.

. Rothwell, P. M. et al. Prognostic significance of visit-to-visit variability, maximum systolic blood pressure, and episodic

hypertension. Lancet 375(9718), 895-905 (2010).

. DeMers, D. & Wachs, D. Physiology, mean arterial pressure. In: StatPearls. edn. (StatPearls Publishing, 2023).
. Yao, J. etal. Increased variability of mean arterial pressure is associated with increased risk of short-term mortality in intensive care

unit: A retrospective study. Front. Neurol. https://doi.org/10.3389/fneur.2022.999540 (2022).

. Association AP. Diagnostic and Statistical Manual of Mental Disorders (American Psychiatric Association Publishing, 2022).
. Group woboAB-DCTC, Zhang, Z., Kim, H. J,, Lonjon, G. & Zhu, Y. Balance diagnostics after propensity score matching. Ann.

Transl. Med. 7(1), 16-16 (2019).

Wang, N.-Y,, Hirao, A. & Sieber, E. Association between intraoperative blood pressure and postoperative delirium in elderly hip
fracture patients. PLoS ONE 10(4), €0123892 (2015).

Zhang, C. et al. Association between intraoperative mean arterial pressure variability and postoperative delirium after hip fracture
surgery: a retrospective cohort study. BMC Geriatr. https://doi.org/10.1186/s12877-023-04425-9 (2023).

Shen, X. et al. Perioperative blood pressure variability as a risk factor for postoperative delirium in the patients receiving cardiac
surgery. BMC Anesthesiol. https://doi.org/10.1186/s12871-024-02817-x (2024).

Zarour, S. et al. Association between intraoperative hypotension and postoperative delirium: A retrospective cohort analysis.
Anesthesiology 141(4), 707-718 (2024).

Dagal, A. & Lam, A. M. Cerebral autoregulation and anesthesia. Curr. Opin. Anesthesiol. 22(5), 547-552 (2009).

2017).

Glodzik, L. et al. Different relationship between systolic blood pressure and cerebral perfusion in subjects with and without
hypertension. Hypertension 73(1), 197-205 (2019).

Abdollahpour, N., Soheili, V., Saberi, M. R. & Chamani, J. Investigation of the interaction between human serum albumin and two
drugs as binary and ternary systems. Eur. J. Drug Metab. Pharmacokine.t 41(6), 705-721 (2015).

Gutteridge, D. S., Tully, P. ., Smith, A. E., Loetscher, T. & Keage, H. A. Cross-sectional associations between short and mid-term
blood pressure variability, cognition, and vascular stiffness in older adults. Cereb. Circ. Cogn. Behav. 5, 100181 (2023).

Karaca, Y. et al. Systemic immune inflammatory index as predictor of blood pressure variability in newly diagnosed hypertensive
adults aged 18-75. J. Clin. Med. 13(22), 6647 (2024).

Kadry, H., Noorani, B. & Cucullo, L. A blood-brain barrier overview on structure, function, impairment, and biomarkers of
integrity. Fluids Barriers CNS https://doi.org/10.1186/s12987-020-00230-3 (2020).

Tatasciore, A. et al. Awake blood pressure variability, inflammatory markers and target organ damage in newly diagnosed
hypertension. Hypertens. Res. 31(12), 2137-2146 (2008).

Cerejeira, J., Firmino, H., Vaz-Serra, A. & Mukaetova-Ladinska, E. B. The neuroinflammatory hypothesis of delirium. Acta
Neuropathol. 119(6), 737-754 (2010).

Fan, Y.-Y. et al. Mechanisms underlying delirium in patients with critical illness. Front. Aging Neurosci. 16, 1446523 (2024).

Intengan, H. D. & Schiffrin, E. L. Vascular remodeling in hypertension: Roles of apoptosis, inflammation, and fibrosis. Hypertension
38(3 Pt 2), 581-587 (2001).
McManus, J., Pathansali, R., Stewart, R., Macdonald, A. & Jackson, S. Delirium post-stroke. Age Ageing 36(6), 613-618 (2007).

Dickson, L. R. Hypoalbuminemia in delirium. Psychosomatics 32(3), 317-323 (1991).

Eckart, A. et al. Relationship of nutritional status, inflammation, and serum albumin levels during acute illness: A prospective
study. Am. J. Med. 133(6), 713-722.e717 (2020).

Mount, C. A. & Das, J. M. Cerebral perfusion pressure. In: StatPearls. (StatPearls Publishing, 2023).

Sible, I. J. & Nation, D. A. Blood pressure variability and cerebral perfusion decline: A post hoc analysis of the SPRINT MIND trial.
J. Am. Heart Assoc. https://doi.org/10.1161/JAHA.123.029797 (2023).

Sesso, H. D. et al. Systolic and diastolic blood pressure, pulse pressure, and mean arterial pressure as predictors of cardiovascular
disease risk in men. Hypertension 36(5), 801-807 (2000).

Miwa, K. & Toyoda, K. Covert vascular brain injury in chronic kidney disease. Front. Neurol. https://doi.org/10.3389/fneur.2022.8
24503 (2022).

Rossi, M. et al. Protein-bound uremic toxins, inflammation and oxidative stress: A cross-sectional study in stage 3-4 chronic
kidney disease. Arch. Med. Res. 45(4), 309-317 (2014).

Tust, M., Miiller, J. P, Fischer, D. & Griindemann, D. SLC22A11 inserts the uremic toxins indoxyl sulfate and p-cresol sulfate into
the plasma membrane. Int. J. Mol. Sci. 24(20), 15187 (2023).

Sénchez Acedo, P, Eguaras Cérdoba, I., Zazpe Ripa, C., Herrera Cabezon, J. & Tarifa Castilla, A. Prospective study of factors
associated with postoperative delirium after urgent abdominal surgery. Cir. Esp. 98(8), 450-455 (2020).

Wang, C.-G. et al. Incidence and risk factors of postoperative delirium in the elderly patients with hip fracture. J. Orthop. Surg. Res.
https://doi.org/10.1186/s13018-018-0897-8 (2018).

Hsu, T.-]., Chen, J.-Y.,, Wu, Y.-L., Lo, Y.-H. & Hsu, C.-]. Intraoperative hemodynamic instability and higher ASA classification
increase the risk of developing non-surgical complications following orthopedic surgeries. J. Clin. Med. 13(6), 1689 (2024).
Esposito, K. et al. Inflammatory cytokine concentrations are acutely increased by hyperglycemia in humans: Role of oxidative
stress. Circulation 106(16), 2067-2072 (2002).

Author contributions

Study concept: WYT. Study design: All authors. Acquisition, analysis, or interpretation of data: PY, WYT, and
YE. Statistical analysis: WYT and PY. Drafting of the manuscript: WYT and YE. Critical revision of the manu-
script for important intellectual content: All authors.

Declarations

Consent for publication
We have obtained consent for publication from all participants.

Ethics approval and consent to participate

This study was approved by the Ethics Committee of Dandong Central Hospital (No. DDZX-202210011)
and conducted by the ethical principles outlined in the Helsinki Declaration of 1964 and its subsequent
amendments. The ethics committee of Dandong Central Hospital waived the requirement for Informed
consent for the cohort study to reduce potential duplication of effort.

Scientific Reports|  (2025) 15:15007 | https://doi.org/10.1038/s41598-025-00019-0 nature portfolio


https://doi.org/10.3389/fneur.2022.999540
https://doi.org/10.1186/s12877-023-04425-9
https://doi.org/10.1186/s12871-024-02817-x
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1161/JAHA.123.029797
https://doi.org/10.3389/fneur.2022.824503
https://doi.org/10.3389/fneur.2022.824503
https://doi.org/10.1186/s13018-018-0897-8
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-00019-0.

Correspondence and requests for materials should be addressed to W.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:15007 | https://doi.org/10.1038/541598-025-00019-0 nature portfolio


https://doi.org/10.1038/s41598-025-00019-0
https://doi.org/10.1038/s41598-025-00019-0
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Correlation of intraoperative blood pressure variability and postoperative delirium in elderly hip fracture surgery
	﻿Methods
	﻿Data sources and patient
	﻿Data collection
	﻿Exposure
	﻿Outcome
	﻿Statistical analysis

	﻿Results
	﻿Study population and baseline characteristics
	﻿Multivariate analysis for POD
	﻿Propensity score matching
	﻿Association between intraoperative blood pressure variability and POD
	﻿Interaction analysis

	﻿Discussion
	﻿Conclusions
	﻿References


