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Abstract

Background
Postoperative delirium (POD) after spine surgery in older adults reflects both baseline geriatric
vulnerability and perioperative stress. Although externally derived electronic health record models may
provide useful benchmarks, their direct transportability across surgical domains is uncertain. We
evaluated whether comprehensive geriatric assessment (CGA)–augmented local model updating
improves POD risk stratification in older adults undergoing spine surgery.

Methods
This retrospective benchmarking and model-updating study used an in-house spine-surgery cohort of
162 older adults, including 16 POD events, and a publicly available external hip-fracture cohort of 245
patients, including 30 POD events. A harmonized predictor set included demographics, comorbidities,
nutritional and laboratory reserve, operative burden, and postoperative context. Dataset shift was
assessed using standardized mean differences and a cohort-membership model, followed by overlap
weighting. Predictor transportability was examined using cohort-specific univariable log odds ratios.
Prediction models were evaluated in staged fashion: external-to-spine transport, recalibration, local core
updating, CGA augmentation, and a simplified bedside score. Discrimination, calibration, Brier score, and
decision-curve analysis were assessed.

Results
POD occurred in 30 of 245 patients in the external hip-fracture cohort and 16 of 162 patients in the in-
house spine cohort. Among POD cases, the spine cohort was younger but had longer anesthesia or
surgery duration. Before weighting, the cohorts showed substantial case-mix imbalance, with a
maximum absolute standardized mean difference of 1.72; overlap weighting reduced the maximum
residual imbalance to 0.16. The cohort-membership model showed near-separation between cohorts
(AUROC 0.98). The transported external model showed modest discrimination in the spine cohort
(AUROC 0.62), and recalibration did not improve discrimination (AUROC 0.62). Local updating improved
AUROC to 0.88, and CGA augmentation further improved AUROC to 0.94. CGA vulnerability showed a
graded association with POD incidence across quartiles: 0/41, 1/40, 6/40, and 9/41. A simplified frozen
bedside score retained good discrimination (AUROC 0.86). At a score threshold of ≥ 3, sensitivity was
94%, specificity 70%, positive predictive value 25%, and negative predictive value 99%.

Conclusions
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Risk domains from an external hip-fracture cohort showed partial conceptual transportability to older
spine-surgery patients, but local updating with measured CGA variables substantially improved risk
stratification. A CGA-augmented bedside score may provide a practical rule-out tool for targeting
delirium-prevention resources, although prospective multicenter validation is needed.

INTRODUCTION
Postoperative delirium (POD) is a clinically important complication in older adults undergoing spine
surgery. In this setting, POD can interfere with postoperative care, early mobilization, and rehabilitation,
and has been associated with longer hospitalization, higher resource use, and worse clinical outcomes
in older surgical patients (Fineberg et al., 2013; Raats et al., 2015). Reported POD incidence after spine
surgery varies across cohorts, reflecting differences in patient age, baseline vulnerability, surgical
complexity, and delirium surveillance intensity (Zhang et al., 2020).

POD after spine surgery is best understood as a multidomain syndrome rather than the consequence of
a single perioperative exposure. Prior spine-surgery studies have identified both baseline vulnerability
factors, including older age and impaired preoperative cognitive function, and perioperative stressors,
including longer operative duration and transfusion, as clinically relevant risk domains (Kang et al.,
2020). More recent work also suggests that neurovascular vulnerability may contribute to POD risk: in
elderly patients undergoing elective spine surgery, increased internal carotid artery pulsatility index
predicted POD even after adjustment for age and surgical duration (Saar et al., 2024). Together, these
findings support a framework in which POD reflects the interaction between reduced cognitive or
physiological reserve and acute surgical, anesthetic, hemodynamic, and inflammatory burden.

Comprehensive geriatric assessment (CGA) provides a clinically intuitive approach for capturing
multidimensional vulnerability before surgery. However, full CGA can be resource-intensive and difficult
to implement routinely in busy perioperative settings (Raats et al., 2015). For elective spine surgery, a
pragmatic bedside approach that incorporates brief cognitive screening, functional status, frailty-related
markers, medication burden, nutritional reserve, and selected perioperative factors may therefore be
more feasible than a full specialist-led CGA. Emerging neurovascular and immune-marker studies in
elderly spine surgery patients further support the biological relevance of vascular, inflammatory, and
neuronal-injury pathways, but these approaches remain exploratory and may be limited in routine clinical
use by assay availability, technical requirements, and the need for external validation (Baek et al., 2023;
Saar et al., 2024; Vogelgesang et al., 2026). Thus, specialized biomarker approaches and bedside clinical
risk scores should be viewed as complementary rather than competing strategies.

A remaining challenge is whether POD risk domains observed in spine surgery reflect procedure-specific
risk or a broader geriatric susceptibility to delirium shared across older orthopedic surgical populations.
Hip-fracture cohorts differ from elective spine surgery cohorts in acuity, trauma burden, baseline
function, and perioperative care pathways, and therefore should not be treated as direct external
validation datasets for a spine-specific model. Nevertheless, hip-fracture data may provide an
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informative external comparator for examining whether vulnerability domains such as cognitive
impairment, frailty, renal function, nutritional reserve, transfusion, and operative stress show conceptual
or directional consistency across older orthopedic populations (Zhao et al., 2021; Zhao, 2022).

Therefore, this study aimed to develop and evaluate an exploratory CGA-augmented POD risk
stratification score for older adults undergoing spine surgery. Using an in-house spine-surgery cohort
enriched with bedside cognitive assessment, instrumental activities of daily living, frailty measures,
medication variables, laboratory markers, and perioperative surgical variables, we sought to identify
clinically interpretable POD risk domains. We further examined whether these domains showed
conceptual and directional transportability in a publicly available hip-fracture delirium dataset. We
hypothesized that a low-cost CGA-augmented score would capture the combined contribution of
baseline geriatric vulnerability and perioperative surgical stress, providing a pragmatic framework for
identifying older spine-surgery patients at increased POD risk.

METHODS

Study design and data sources
This retrospective benchmarking and exploratory model-updating study evaluated POD risk prediction in
an in-house spine-surgery cohort and examined the conceptual transportability of selected risk domains
using a publicly available hip-fracture delirium dataset. The study was structured according to prediction-
model reporting principles, with prespecified descriptions of data sources, outcome definition, predictor
handling, model specification, calibration, internal validation, and clinical utility assessment (Collins et
al., 2015).

The external comparator dataset was the public hip-fracture cohort reported by Zhao et al., which
included patients aged ≥ 65 years undergoing hip-fracture repair under spinal or general anesthesia
between June 1, 2018 and May 31, 2019 at Peking University People’s Hospital. This dataset included
245 patients, of whom 30 developed POD. The target dataset was an in-house spine-surgery cohort of
162 patients with available POD outcome information, including 16 POD events. The in-house study was
approved by the institutional review board of [institution name; IRB number], with [waiver/requirement] of
informed consent because of the retrospective design.

Outcome definition
The primary outcome was POD during the index hospitalization. In the external hip-fracture cohort, POD
was assessed by trained nurses using the Confusion Assessment Method every 12 hours during
hospitalization (Zhao et al., 2021). In the in-house spine cohort, POD was ascertained by structured
review of clinical documentation, including nursing records, physician notes, delirium-related diagnostic
coding, rescue antipsychotic use, and psychiatric consultation. Variables that could occur after delirium
onset were used only for outcome ascertainment and were not entered as primary predictors.
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Predictor harmonization and CGA-derived vulnerability score
A common predictor set was harmonized across the external and in-house datasets before analysis.
Harmonized variables included age, sex, body mass index, hypertension, diabetes mellitus, coronary
artery disease, stroke or transient ischemic attack, albumin, creatinine, hematocrit, anesthesia duration,
blood product use, intensive care unit admission, and a chart-derived frailty proxy. Laboratory values
were converted to common clinical units when required. The chart-derived frailty proxy was calculated
as the sum of five routinely available vulnerability indicators: age > 70 years, body mass index < 18.5
kg/m², hematocrit < 35%, albumin < 3.4 g/dL, and creatinine > 2.0 mg/dL. In the in-house spine cohort,
additional geriatric variables were available, including Mini-Cog, instrumental activities of daily living
disability, gait speed, grip strength, Short Physical Performance Battery, CHS frailty category,
polypharmacy, benzodiazepine use, and depression. These variables were used to characterize
measured geriatric vulnerability and to construct a compact CGA-derived vulnerability score.

The CGA-derived vulnerability score was constructed as a continuous composite index ranging
theoretically from 0 to 1, with higher values indicating greater vulnerability. Each component was
transformed onto a 0–1 vulnerability scale before aggregation. The cognitive component was calculated
as (5 − Mini-Cog score) / 5. The functional component was calculated as the number of impaired
instrumental activities of daily living items divided by 6. Slow gait was coded as 1 when gait speed was
< 0.8 m/s and 0 otherwise. Low physical performance was coded as 1 when the Short Physical
Performance Battery score was ≤ 9 and 0 otherwise. Frailty was represented by the available CHS frailty
category indicator as recorded in the source dataset. Medication and neuropsychiatric components were
coded as binary indicators for polypharmacy, defined as use of ≥ 5 prescription medications, depression,
and benzodiazepine use. For each patient, the CGA-derived vulnerability score was calculated as the
arithmetic mean of the available component scores: cognition, IADL disability, slow gait, low SPPB, CHS
frailty category, polypharmacy, depression, and benzodiazepine use. Thus, the denominator was the
number of non-missing components available for that patient. Missing component values were not
imputed before score construction. In the final n = 162 analytic cohort, Mini-Cog, IADL disability, gait
speed, SPPB, polypharmacy, depression, and benzodiazepine use were available for all patients, whereas
CHS frailty category was missing in a subset of patients and was therefore excluded from the
denominator for those individuals. Grip strength was retained for descriptive and correlation analyses of
measured geriatric phenotypes, but raw grip strength was not directly included in the composite score
because the corresponding CHS grip-weakness component was unavailable in the analytic dataset.

For descriptive risk enrichment in Fig. 4D, patients were ordered according to the CGA-derived
vulnerability score and divided into four rank-based quartiles, with Q1 representing the lowest
vulnerability and Q4 the highest vulnerability. Rank-based quartiles were used to preserve approximately
equal group sizes in the presence of tied score values. These quartiles were used for descriptive
comparison of observed POD incidence, whereas the continuous CGA-derived vulnerability score was
used in the CGA-augmented prediction model.
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Statistical analysis
Continuous variables were summarized using mean and standard deviation or median and interquartile
range, as appropriate. Categorical variables were summarized as counts and percentages. Between-
cohort differences were quantified using standardized mean differences rather than hypothesis tests,
because the primary purpose was to describe covariate imbalance and dataset shift. For continuous
variables, standardized mean differences were calculated using pooled standard deviations; for binary
variables, pooled binomial variances were used.

To assess covariate shift between the hip-fracture and spine-surgery cohorts, a cohort-membership
model was fitted using the harmonized predictor set, with cohort membership as the dependent variable.
The predicted probability of belonging to the in-house spine cohort was used to quantify overlap
between cohorts. Overlap weights were calculated as the probability of belonging to the opposite cohort:
for hip-fracture patients, the weight was the predicted probability of belonging to the spine cohort; for
spine-surgery patients, the weight was one minus that probability. Weighted standardized mean
differences were then used to describe balance in the empirically comparable region of the two cohorts
(Li et al., 2018).

Univariable predictor transportability was evaluated by estimating the association between each
harmonized predictor and POD separately in each cohort. Continuous predictors were standardized
within cohort and modeled per 1-standard-deviation increase. Binary predictors were summarized using
odds ratios, with sparse-cell correction when needed. Directional agreement of predictor effects between
cohorts was summarized using the Spearman correlation of univariable log odds ratios.

Prediction models were fitted using penalized logistic regression with L2 regularization. Missing
predictor values were handled within the modeling pipeline using median imputation, followed by
standardization of continuous predictors. Penalized regression was selected to reduce overfitting risk
given the limited number of POD events in the in-house spine cohort.

Model evaluation followed a staged transport-and-updating framework (Binuya et al., 2022). First, an
external core model was trained in the public hip-fracture cohort using harmonized predictors and
applied to the spine cohort without refitting. Second, logistic recalibration was performed in the spine
cohort by fitting a recalibration model with the logit-transformed external predicted probability as the
only predictor, estimating a new intercept and calibration slope. Third, a local in-house core model was
fitted using the harmonized predictors. Finally, a CGA-augmented local model was fitted by adding the
CGA-derived vulnerability score to the harmonized predictor set.

Model performance in the in-house spine cohort was assessed using discrimination, calibration, overall
prediction error, and clinical utility. Discrimination was quantified using the area under the receiver
operating characteristic curve and the area under the precision-recall curve. Overall prediction error was
quantified using the Brier score. Calibration was evaluated using calibration intercept and calibration
slope from a logistic calibration model, with ideal values of 0 and 1, respectively. Calibration plots were
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generated by grouping predicted probabilities into five quantile-based bins and comparing mean
predicted risk with observed POD incidence.

Internal validation of the local core and CGA-augmented models was performed using bootstrap
optimism correction with 80 resamples. In each bootstrap sample, the complete modeling pipeline was
refitted, model performance was evaluated in both the bootstrap sample and the original cohort, and the
average optimism was subtracted from apparent performance to obtain optimism-corrected AUROC,
AUPRC, and Brier score.

Clinical utility was assessed using decision curve analysis across threshold probabilities from 0.03 to
0.40. Net benefit was calculated by weighting false-positive classifications according to the odds of the
selected threshold probability, and model-based strategies were compared with treat-all and treat-none
reference strategies (Vickers & Elkin, 2006). A simplified bedside score was constructed as an integer
score by assigning one point for each of the following clinically available risk indicators: GNRI < 98, Mini-
Cog ≤ 3, any IADL disability, polypharmacy, transfusion or blood product exposure, anesthesia/surgery
duration ≥ 300 minutes, creatinine ≥ 1.2 mg/dL, and coronary artery disease. Patients were stratified into
low-risk, intermediate-risk, and high-risk groups using prespecified score categories of 0–2, 3–4, and ≥ 5
points, respectively. A candidate rule-out threshold of ≥ 3 points was used to summarize sensitivity,
specificity, positive predictive value, negative predictive value, and the confusion matrix.

RESULT
Study population and cross-surgery phenotype

The open hip-fracture benchmark cohort included 245 patients, of whom 30 developed postoperative
delirium (POD; 12.2%). The in-house spine analytic cohort included 162 patients, of whom 16 developed
POD (9.9%). The overall POD incidence did not differ significantly between cohorts (p = 0.46). The
analytic framework compared an open external hip-fracture cohort with an in-house spine cohort using
harmonized domains available in both datasets, while comprehensive geriatric assessment (CGA) and
medication-related variables were available only in the in-house spine cohort. Among patients who
developed POD, the in-house spine cohort was younger than the external hip-fracture cohort: 71.4 ± 5.6
versus 79.3 ± 7.6 years, p < 0.001. Female sex was less frequent among in-house spine POD cases,
although this difference did not reach statistical significance: 7/16, 44% versus 21/30, 70%, p = 0.082.
Body size differed substantially between POD cases in the two cohorts. In-house spine POD cases had
higher weight, 68.3 ± 12.3 versus 57.7 ± 11.2 kg, p = 0.004, and higher BMI, 26.5 ± 3.8 versus 22.5 ± 3.8
kg/m², p < 0.001. Nutritional reserve also differed between POD cases. GNRI was higher in the in-house
spine POD group than in the external hip-fracture POD group, 95.7 ± 3.4 versus 91.2 ± 8.2, p = 0.009.
However, the proportion with GNRI < 98 did not differ significantly, 11/16, 69% versus 24/30, 83%, p = 
0.279. Albumin was numerically higher in the in-house spine POD group, 3.7 ± 0.2 versus 3.5 ± 0.4 g/dL,
p = 0.053. Comorbidity and perioperative stress profiles showed clear domain-specific differences.
Stroke/TIA was more frequent among external hip-fracture POD cases than in-house spine POD cases,
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12/30, 40% versus 1/16, 6%, p = 0.015. Transfusion or blood product exposure was also more frequent in
the external POD group, 19/30, 63% versus 3/16, 19%, p = 0.004. In contrast, anesthesia or surgery
duration was markedly longer in the in-house spine POD group, 334.8 ± 72.2 versus 197.3 ± 59.0 minutes,
p < 0.001. ICU admission was numerically lower in the in-house spine POD group but did not differ
significantly, 3/16, 19% versus 9/30, 30%, p = 0.408.

Dataset shift before benchmarking and effect of overlap weighting

Before benchmarking, the two cohorts showed marked case-mix imbalance across demographic,
nutritional, hematologic, comorbidity, and operative-stress domains. The largest pre-weighting
imbalances were observed for anesthesia duration, chart-derived vulnerability, age, hematocrit, GNRI,
BMI, albumin, blood product exposure, sex, stroke/TIA, coronary artery disease, and ICU admission. The
maximum absolute standardized mean difference was 1.72 before weighting. The cohort-membership
model showed near-separation between the open hip-fracture and in-house spine cohorts, with an
AUROC of 0.98, indicating substantial dataset shift before weighting.

Overlap weighting substantially reduced this imbalance and targeted the region of empirical overlap
between the two surgical populations. After overlap weighting, most covariates moved close to zero
standardized mean difference, and the maximum residual absolute standardized mean difference was
reduced to 0.16. The largest remaining imbalance was anesthesia duration, but it was substantially
attenuated compared with the unweighted comparison. This supported the use of weighted
benchmarking as a transportability-oriented comparison rather than a naive direct cohort comparison.

Predictor transportability across surgical domains

The predictor transportability atlas demonstrated partial, rather than complete, transportability of POD
predictors across surgical domains. Directional concordance between univariable predictor effects was
modest (Spearman ρ = 0.37). Several predictors showed directionally concordant risk signals across the
external hip-fracture and in-house spine cohorts, including ICU admission, blood product or transfusion
exposure, lower GNRI or GNRI < 98, chart-derived vulnerability, lower albumin, and longer anesthesia or
surgery duration.

However, the magnitude of predictor effects differed by surgical context. In the open hip-fracture cohort,
perioperative and vascular-context variables such as blood product exposure, stroke/TIA, ICU admission,
and anesthesia duration showed prominent associations with POD. In the in-house spine cohort,
coronary artery disease, lower GNRI, chart-derived vulnerability, lower albumin, older age, and anesthesia
duration showed stronger local signals. Coronary artery disease was particularly context-shifted,
showing a stronger positive association in the in-house spine cohort than in the open hip-fracture cohort.
These findings indicate that the broader risk domains were transportable, but individual predictor
weights required local updating.

Bridging chart-derived vulnerability with measured CGA vulnerability
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Within the in-house spine cohort, chart-derived vulnerability was higher among patients who developed
POD than among those who did not, supporting its role as a pragmatic vulnerability proxy. The
correlation heatmap showed that chart-derived vulnerability was related to measured geriatric domains,
including CGA score, reversed Mini-Cog, IADL disability, slow gait, grip weakness, low SPPB,
polypharmacy, benzodiazepine use, and depression. These findings suggest that the chart-derived signal
captures part, but not all, of the broader measured geriatric vulnerability construct.

Measured CGA vulnerability showed a graded relationship with observed POD incidence across
quartiles. POD occurred in 0/41 patients in Q1, 1/40 in Q2, 6/40 in Q3, and 9/41 in Q4, corresponding to
observed POD incidences of 0%, 2.5%, 15.0%, and 22.0%, respectively. These quartile counts sum exactly
to the N = 162 analytic cohort and account for all 16 POD events.

Local CGA updating improved model performance beyond transported external benchmarking. In the
incremental updating panel, AUROC, AUPRC, and Brier score were 0.62, 0.16, and 0.12 for the
transported external core model; 0.62, 0.16, and 0.09 after recalibration; 0.88, 0.51, and 0.07 for the in-
house core model; 0.94, 0.64, and 0.06 for the in-house CGA-augmented model; and 0.86, 0.33, and 0.08
for the frozen bedside score. Bootstrap optimism-corrected AUROC was 0.75 for the in-house core
model and 0.84 for the CGA-augmented model.

Model updating and discrimination

External-to-spine transport showed modest discrimination. The external core model achieved an AUROC
of 0.62 when applied to the in-house spine cohort, and intercept recalibration did not materially change
discrimination, with AUROC remaining 0.62. Local model updating improved discrimination, with the in-
house core model achieving an AUROC of 0.88. Adding CGA-based geriatric variables further improved
discrimination to an AUROC of 0.94. A simplified frozen bedside score retained good discrimination, with
an AUROC of 0.86.

Calibration plots showed that the transported external model exhibited calibration drift when applied to
the spine cohort. Recalibration improved average risk alignment but did not improve discrimination. In
contrast, the in-house core and CGA-augmented models showed improved alignment between predicted
and observed POD risk. Decision-curve analysis showed that the CGA-augmented model provided the
most consistent net benefit across clinically relevant threshold probabilities, while the bedside score
preserved practical utility for prevention-bundle targeting.

Bedside score risk stratification and rule-out performance

The bedside score stratified the N = 162 in-house spine cohort into clinically distinct risk groups using
prespecified categories of 0–2, 3–4, and ≥ 5 points. Observed POD incidence was 1/103 in the low-risk
group, 10/48 in the intermediate-risk group, and 5/11 in the high-risk group, corresponding to
approximately 1.0%, 20.8%, and 45.5%, respectively. Thus, the bedside score identified a large low-risk
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group with very low observed POD incidence while concentrating events in the intermediate- and high-
risk strata.

Using a rule-out threshold of score ≥ 3, the confusion matrix showed 102 true low-risk non-POD patients,
44 high-risk non-POD patients, 1 low-risk POD patient, and 15 high-risk POD patients. This threshold
yielded sensitivity 94%, specificity 70%, positive predictive value 25%, and negative predictive value 99%.
In matrix-derived terms, 15 of 16 POD events were detected and 102 of 103 low-score patients were
POD-free. These findings suggest that the bedside score is most useful as a high-sensitivity rule-out tool
for identifying patients unlikely to develop POD, while patients above the threshold may be candidates for
targeted delirium-prevention bundles.

Discussion
In this exploratory cross-surgery benchmarking study, we developed and evaluated a CGA-augmented
postoperative delirium risk stratification framework for older adults undergoing spine surgery. The
principal finding was that risk domains derived from an external hip-fracture cohort showed only partial
transportability to the in-house spine cohort, whereas local updating with directly measured geriatric
vulnerability substantially improved model performance and clinical usefulness. The external core model
showed modest discrimination after transport to the spine cohort, while the locally updated model and
the CGA-augmented model improved discrimination stepwise. These findings support the concept that
POD in older spine-surgery patients is best understood as the convergence of baseline geriatric
vulnerability and perioperative stress rather than as the consequence of a single demographic,
comorbidity, or operative exposure.

Previous spine-surgery studies have identified multiple POD-related factors, including older age,
comorbidity burden, impaired cognition, lower physiologic reserve, longer surgery, transfusion, and
postoperative care intensity. However, many existing studies have relied primarily on conventional
demographic, laboratory, or comorbidity variables, which may incompletely represent the
multidimensional vulnerability of older surgical patients. Our findings extend this literature by
demonstrating that measured CGA domains—cognition, IADL disability, physical performance, frailty-
related function, medication burden, depression, and sedative exposure—add clinically meaningful
information beyond chart-derived predictors. This is consistent with the broader spine-surgery literature
showing that POD risk is multifactorial and that cognitive and functional reserve are central components
of risk stratification (Luo et al., 2024; Susano et al., 2019).

A key contribution of this study is the bridge between routinely available chart-derived vulnerability and
measured geriatric vulnerability. Chart-derived frailty was associated with POD and correlated with
measured CGA constructs, but it did not fully capture the CGA signal. This distinction is clinically
important because chart-derived variables are scalable and easy to extract, but they may miss
vulnerabilities that are visible at the bedside yet poorly encoded in routine EMR data, such as subtle
cognitive impairment, reduced instrumental function, gait slowing, polypharmacy, and benzodiazepine
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exposure. The graded increase in POD incidence across CGA vulnerability quartiles, from 0/41 in the
lowest quartile to 9/41 in the highest quartile, suggests that measured CGA captures a latent
vulnerability axis that is directly relevant to POD risk. Prior prospective work in lumbar spine surgery
similarly emphasized the importance of baseline cognitive status, particularly lower MMSE score, as a
risk factor for POD (Pan et al., 2019).

The external hip-fracture benchmark analysis further clarified why simple model transport is insufficient.
Hip-fracture and spine-surgery cohorts shared broad vulnerability domains, including age, nutritional
reserve, renal function, transfusion exposure, and operative stress. However, the magnitude and relative
importance of individual predictors differed substantially by surgical context. In the external hip-fracture
cohort, vascular and acute-care factors such as stroke/TIA, blood product exposure, and ICU admission
showed prominent associations with POD. In contrast, the in-house spine cohort showed stronger local
signals for coronary artery disease, GNRI, chart-derived vulnerability, albumin, and anesthesia duration.
These findings suggest that delirium risk domains may be conceptually transportable across older
orthopedic populations, but predictor weights require recalibration or local updating before clinical use.
This interpretation is consistent with geriatric surgery evidence showing that frailty-related risk is
important but must be contextualized by procedure type, perioperative pathway, and local patient
characteristics (Raats et al., 2015).

Nutritional reserve also emerged as a clinically interpretable shared domain. GNRI differed between POD
cases in the external hip-fracture and in-house spine cohorts, and low GNRI showed directionally relevant
signals across surgical settings. A recent study of elderly patients with degenerative lumbar disease
reported that lower preoperative GNRI was independently associated with POD after TLIF, supporting
GNRI as a low-cost marker of nutritional vulnerability in spine surgery. In our study, GNRI appeared most
useful not as a standalone predictor, but as one component of a broader vulnerability-stress framework
that also included cognition, function, medication exposure, and operative burden (Chen et al., 2024).

Our study also helps position CGA-based prediction relative to emerging biomarker approaches.
Biomarker studies using urine exosomal proteins or complement pathway profiling may provide
important mechanistic insight into neuronal injury, systemic inflammation, immune activation, and
neurocognitive vulnerability. However, such assays remain exploratory, require specialized platforms, and
are not yet routinely available for perioperative bedside decision-making. By contrast, CGA variables are
inexpensive, clinically interpretable, and actionable before surgery. Therefore, the present findings do not
argue against biomarker development; rather, they suggest that measured geriatric vulnerability may
serve as a practical intermediate layer between fragmented EMR-based prediction and specialized
molecular profiling (Baek et al., 2023; Vogelgesang et al., 2026).

The simplified frozen bedside score was designed to translate the CGA-augmented model into a
practical clinical tool. Despite simplification, the score retained good discrimination and separated the in-
house spine cohort into clinically meaningful risk strata. The low-risk group had only 1 POD event among
103 patients, whereas the intermediate- and high-risk groups showed substantially higher observed POD
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incidence. At the score ≥ 3 threshold, the score achieved high sensitivity and a negative predictive value
of 99%, suggesting that its most immediate use may be as a rule-out tool. In practice, this could help
identify patients unlikely to require intensive prevention-bundle resources, while focusing CGA-informed
interventions on patients above the threshold. This clinical framing is aligned with decision-curve
methodology, which emphasizes whether a prediction model improves decisions across relevant
threshold probabilities rather than discrimination alone (Vickers & Elkin, 2006).

Several limitations should be acknowledged. First, the in-house spine cohort was relatively small and
included only 16 POD events. Although penalized modeling, compact score construction, and internal
validation were used to reduce overfitting, the high apparent performance of the CGA-augmented model
should be interpreted as hypothesis-generating rather than definitive. Second, POD ascertainment
differed between datasets. The external hip-fracture cohort used structured CAM-based surveillance,
whereas the in-house spine cohort relied on structured review of clinical documentation and outcome-
adjacent evidence. This difference may introduce surveillance bias or outcome misclassification. Third,
the external hip-fracture cohort should be interpreted as a benchmarking comparator, not a direct
external validation cohort for a spine-specific prediction model. Hip-fracture surgery differs from elective
spine surgery in acuity, trauma burden, baseline function, and perioperative care pathway. Finally, some
anthropometric variables used for GNRI calculation required harmonization across in-house data
sources, underscoring the need for prospective standardization of height, weight, albumin, and CGA
measurements.

Despite these limitations, this study provides a clinically grounded framework for POD risk stratification
in older adults undergoing spine surgery. The results suggest that CGA-augmented local updating can
overcome some limitations of both transported external models and purely chart-derived EMR
prediction. Future multicenter prospective studies should validate the bedside score, evaluate calibration
across institutions, and test whether CGA-guided prevention bundles reduce POD incidence,
postoperative complications, length of stay, and non-home discharge. Integration of structured CGA
extraction into perioperative clinical decision support systems may ultimately allow older spine-surgery
patients to receive risk-adapted preoperative optimization and postoperative monitoring.

In conclusion, a low-cost CGA-augmented bedside score may provide a pragmatic precision-medicine
tool for POD risk stratification in older spine-surgery patients. The findings support a convergence model
in which baseline geriatric vulnerability and perioperative stress jointly shape delirium risk. Rather than
replacing biomarker or EMR-based approaches, measured CGA may connect biological plausibility,
bedside interpretability, and actionable perioperative decision-making.
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Figure 1

Open-cohort benchmarking framework. Study design for external benchmarking and local model
updating. The external hip-fracture cohort included 245 patients with 30 POD events, and the in-house
spine cohort included 162 patients with 16 POD events. Harmonized variables were used for cross-
cohort transportability analysis, whereas CGA and medication variables were available only in the in-
house cohort. Outcome-adjacent variables were excluded from primary prediction models to reduce
temporal leakage.
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Figure 2

Dataset-shift fingerprint before cross-surgery benchmarking. Baseline imbalance between the external
hip-fracture and in-house spine cohorts. A, Standardized mean differences before and after overlap
weighting; the maximum absolute SMD decreased from 1.72 before weighting to 0.16 after overlap
weighting. B, Cohort-membership model showing near-separation between cohorts (AUROC 0.98). C,
Residual imbalance plot showing improved balance after overlap weighting. SMD, standardized mean
difference.
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Figure 3

Predictor transportability atlas across surgical contexts. Comparison of common POD predictors across
surgical domains. A, Univariable log odds ratios for POD in each cohort. B, Directional concordance
between external hip-fracture and in-house spine predictor effects was modest (Spearman ρ=0.37).
Shared domains showed partial transportability, but predictor magnitude differed by surgical context.
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Figure 4

Bridging chart-derived frailty with measured geriatric vulnerability. Relationship between chart-derived
vulnerability and measured CGA domains. A, Chart-derived frailty by cohort and POD status, including
Open no POD n=215, Open POD n=30, Spine no POD n=146, and Spine POD n=16; individual patient
values are jittered and boxes show median and interquartile range. B, Correlation between chart frailty,
CGA, cognition, function, physical performance, medication burden, depression, and GNRI. C,
Incremental model performance after local CGA updating: AUROC/AUPRC/Brier were 0.62/0.16/0.12 for
the transported external core model, 0.62/0.16/0.09 after recalibration, 0.88/0.51/0.07 for the in-house
core model, 0.94/0.64/0.06 for the CGA-augmented model, and 0.86/0.33/0.08 for the bedside score.
Bootstrap optimism-corrected AUROC was 0.75 for the in-house core model and 0.84 for the CGA-
augmented model. D, POD incidence increased across CGA vulnerability quartiles: 0/41, 1/40, 6/40, and
9/41.
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Figure 5

Model updating and clinical utility dashboard. Performance and clinical utility of transported, locally
updated, CGA-augmented, and frozen bedside models. A, AUROC improved from external transport to
local and CGA-augmented models: external core 0.62, recalibrated external 0.62, in-house core 0.88,
CGA-augmented 0.94, and bedside score 0.86. B, Calibration drift and local recalibration. C, Decision-
curve analysis for prevention-bundle targeting. D, Frozen bedside score risk strata showed POD rates of
1/103, 10/48, and 5/11 for low (0–2), intermediate (3–4), and high (≥5) score categories. E–F, A score ≥3
rule-out threshold yielded a confusion matrix of TN=102, FP=44, FN=1, and TP=15, corresponding to
sensitivity 94%, specificity 70%, PPV 25%, and NPV 99%.
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