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Preliminary insights into
cardiopulmonary reserve and
hemodynamic stability: exploring
submaximal cardiopulmonary
exercise testing parameters as
potential predictors of
intraoperative hemodynamic
instability

Daniel Agarkov and Zyad J. Carr*

Department of Anesthesiology, School of Medicine, Yale University, New Haven, CT, United States

Background: Intraoperative hypotension (IOH) is associated with serious adverse

outcomes after noncardiac surgery. Preoperative predictors of IOH remain

poorly characterized. Intraoperative hemodynamic instability is strongly

associated with IOH. The authors hypothesized that submaximal

cardiopulmonary exercise testing (smCPET) measures of forced vital capacity

(FVC) and gas-exchange derived pulmonary capacitance to peak oxygen

uptake slope (GXCAP-VO2) would be associated with two measures of

intraoperative hemodynamic instability: intraoperative vasopressor use and

systolic average real variability (ARV), respectively.

Methods: This secondary analysis of a feasibility study included adults >60 years

undergoing elective noncardiac surgery and completed preoperative smCPET.

Multiple cardiopulmonary measures, including FVC, peak oxygen uptake (VO2)

and GXCAP-VO2 slope were collected. The primary outcome of intraoperative

vasopressor use, and secondary outcome of ARV were tested with

multivariable logistic regression and generalized linear models to assess

associations supported by decision boundary and mediation analysis.

Results: Among 101 participants, 54 had measured FVC (median 2.56 L) and 101

had measured GXCAP-VO2 slope (median 29.8). After adjustment, each standard

deviation increase in FVC (0.89 L) was associated with halved odds of

vasopressor use [2.47 L (SD 0.88) vs. 2.9 L (SD 0.86) adjusted Odds Ratio:

0.496 (95% CI: 0.25–1.01) p= 0.052]. Participants with FVC <2.18 L and

surgery duration >152 min had the highest risk of vasopressor use. Systolic

ARV was negatively associated with increasing surgical time (p < 0.001). For

each 10-unit increase in GXCAP-VO2 slope, systolic ARV is expected to

decrease by 9.8% [incidence rate ratio = 0.902, 95% CI (0.84, 0.97)].

TYPE Original Research
PUBLISHED 28 August 2025
DOI 10.3389/fanes.2025.1610632

Frontiers in Anesthesiology 01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fanes.2025.1610632&domain=pdf&date_stamp=2020-03-12
mailto:zyad.carr@yale.edu
https://doi.org/10.3389/fanes.2025.1610632
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/articles/10.3389/fanes.2025.1610632/full
https://www.frontiersin.org/journals/anesthesiology
https://doi.org/10.3389/fanes.2025.1610632
https://www.frontiersin.org/journals/anesthesiology
https://www.frontiersin.org/


Conclusion: Lower measured FVC and GXCAP-VO2 slope were associated with

measures of intraoperative hemodynamic instability in older adults undergoing

noncardiac surgery. Preoperative assessment of pulmonary function and

cardiopulmonary reserve may identify patients at higher risk for intraoperative

hemodynamic instability. These exploratory observations establish a foundation

for future research on smCPET measures for the prediction of perioperative

complications, recognizing intraoperative hemodynamic instability as a complex

interplay of patient, anesthetic, and surgical factors.

KEYWORDS

intraoperative hypotension, intraoperative hemodynamic instability, preoperative risk

stratification, submaximal cardiopulmonary exercise testing, CPET, anesthesiology

1 Introduction

Intraoperative hypotension (IOH) is a significant risk factor for

cardiovascular and renal morbidity, increased length of stay, 30-day

perioperative mortality and occurs in >60% of surgical procedures

(1–3). IOH has been recently defined as an intraoperative mean

arterial pressure less than 65 mmHg of >15 cumulative minutes

duration, although definitions vary (4–7). Identifying high risk

patients may enable focused preventive strategies to reduce its

occurrence since broad-based intraoperative blood pressure

management strategies have not improved major vascular

outcomes after noncardiac surgery (8). The causal link between

intraoperative hemodynamic instability and IOH is strong (9).

Intraoperative hemodynamic instability, as measured by average

real variability (ARV), has been associated with myocardial

injury, postoperative delirium, and postoperative acute kidney

injury, although long-term ramifications are still unclear (10–13).

Higher systolic ARV has been associated with major adverse

cardiovascular events in hospitalized patients as well as intensive

care-related mortality (14, 15). Understanding the mechanisms

underlying this hemodynamic instability may facilitate the

development of preoperative risk stratification for intraoperative

hemodynamic instability.

The pathophysiology underlying intraoperative hemodynamic

instability involves complex cardiopulmonary interactions,

particularly under anesthesia and positive pressure ventilation.

This cardiopulmonary coupling suggests that preoperative

pulmonary function may identify risk for intraoperative

hemodynamic compromise. Among potential measures, forced

vital capacity (FVC), a routine pulmonary function test, has

emerged as a promising predictor of perioperative outcomes

(16, 17). Pulmonary spirometry measures correlate with adverse

perioperative outcomes across various surgical populations and

prehabilitative measures that improve lung mechanics, and

enhance FVC, can reduce length of stay (18–20). Furthermore,

FVC impairment is underdiagnosed, as spirometry studies show

that 35.7% of participants with airflow obstruction had no

previously known respiratory disease (21). FVC integrates

multiple aspects of cardiopulmonary function, including

respiratory muscle strength, and chest wall compliance. Lower

FVC may impair intrathoracic pressure and venous return (22).

These factors may be clinically silent, but unmasked during the

hemodynamic challenges posed by general anesthesia, positive

pressure ventilation and surgery. Impaired FVC often precedes

clinically apparent cardiopulmonary dysfunction and may

reflect subtle changes in chest wall mechanics, respiratory

muscle strength, or cardiovascular coupling (23, 24). However,

the precise relationship between FVC and IOH, as well as

optimal cutoff values for risk stratification, requires

further investigation.

Brief submaximal cardiopulmonary exercise testing (smCPET)

has been previously validated to conventional CPET measures and

quantitatively detects cardiopulmonary fitness in a variety of

cardiac and pulmonary conditions (25–30). Prior reports have

demonstrated its feasibility for preoperative evaluation (30).

CPET measures have predicted a wide variety of early and late

postoperative complications (31–34). Brief smCPET, which

includes spirometry data, generates numerous conventional

cardiopulmonary exercise testing measures such as peak oxygen

uptake (VO2), metabolic equivalents (METs) and measures such

as gas-exchange derived pulmonary capacitance (GXCAP).

GXCAP, which closely correlates pulmonary vascular capacitance,

is a sensitive measure for the diagnosis and prognosis of

conditions complicated by pulmonary hypertension (29, 35, 36).

Similarly, the GXCAP-VO2 slope coefficient may represent a

combined marker of the relationship between pulmonary arterial

capacitance and adequate left sided cardiac output (peak VO2).

When lower GXCAP-VO2 slope is observed, this may be a

marker of reduced ability to buffer intraoperative hemodynamic

fluctuations and identify less efficient compensation to volume

shifts and anesthetic-induced vasodilation (37).

Despite the theoretical framework linking pulmonary function,

and pulmonary vascular capacitance to intraoperative

hemodynamic instability, the specific relationships remain

unexplored. Intraoperative hemodynamic instability [increased

systolic average real variability (ARV) and/or vasopressor use]

frequently precedes IOH. This study aimed to (1) determine if

lower measured FVC is associated with increased intraoperative

vasopressor use, suggesting that pulmonary mechanics play a role

in intraoperative hemodynamic instability, and (2) examine if

lower GXCAP-VO2 slope is associated with increasing systolic

ARV. The authors hypothesized that lower GXCAP-VO2 slope,

indicating impaired pulmonary vascular reserve, would be

associated with increased systolic ARV.
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2 Methods

2.1 Study design

This was a secondary analysis of the active open-label SHAPE

feasibility clinical device study [IRB#2000033885; Clinical

Trials.gov #NCT05743673 (38)], assessing the feasibility of

preoperative smCPET in a high-volume preoperative clinic. This

trial was registered prior to participant enrollment in

study procedures.

2.2 Participants

This exploratory study used a convenience sample of 101 older

adults from a single center, with only 54 having FVC data. This

non-probability sampling limits generalizability beyond similar

patient populations and clinical settings.

2.3 Inclusion and exclusion criteria

Participants were presenting for preoperative evaluation prior

to elective noncardiac surgery. Inclusion criteria included age 60

years and older, with a Revised Cardiac Risk Index (RCRI) of

≤2, and subjective metabolic equivalents (METs) of ≥4, defined

as the self-reported ability to reliably climb 2 flights of stairs.

Exclusion criteria included severe or critical heart valve disease,

reported exertional angina, severe ambulatory limitations, end-

stage renal disease, severe peripheral vascular disease or

neurological motor deficits. Participants under legal guardianship,

non-English-speaking, or those without personal health care

decision-making capacity were excluded.

2.4 Study endpoints

Primary endpoint

FVC was analyzed as a predictor of vasopressor use, while

GXCAP-VO2 slope was analyzed separately as a predictor of

systolic ARV. These were distinct analyses addressing different

elements of hemodynamic instability. The primary endpoint was

defined as the presence or absence of intraoperative vasopressor

administration, a standard of care intervention for the treatment

of IOH events.

Secondary endpoint

Average real variability (AVR) of systolic blood pressure was

calculated across procedural time for each participant (see

Figure 1). Systolic AVR reflects direct measurement of cardiac

ejection force, myocardial contractility and balance of vascular

resistance during the procedure, permitting a quantification of

hemodynamic stability across the procedure time. Forty or

greater intraoperative blood pressure (BP) measurements were

accepted as the minimum for systolic ARV calculation. A weight-

adjusted vasopressor equivalent per kg per unit time (vasopressor

equivalent kg-1 min −1) was calculated for participants requiring

treatment. Vasopressor equivalence was defined as

norepinephrine equivalents: ephedrine (1:820), phenylephrine

(1:10), vasopressin (5:1), or epinephrine (1:1)] through

intermittent boluses or via continuous infusion (39, 40). An IOH

event was calculated as the presence of MAP ≤65 mmHg for

≥15 min.

2.5 Measurements

Demographic and clinical
characteristics

After written informed consent, age, gender, body mass index,

smoking status, baseline comorbidities and functional status were

obtained prior to brief preoperative smCPET.

Cardiopulmonary exercise testing
protocol

The FDA-approved Shape II® is a breath by breath exercise

testing system that exploits brief submaximal exercise effort

(2 min of baseline data, 3 min of graded exercise on a stationary

stairstep, and 1 min of recovery data), followed by predictive

analytics, to generate various measures of actual and predicted

peak cardiopulmonary performance (see Supplementary Table S1

and Figure 3 for a comprehensive overview of study procedures).

Prediction of peak performance values are generated using the

oxygen utilization slope equation, and the device has been

previously validated to conventional cardiopulmonary exercise

testing measurements (25, 28, 41). After data collection,

participants were instructed on task execution (5 min) and

performed a 6-minute smCPET test session. Spirometry values

(FVC, Forced expiratory volume, 1 s, % predicted), peak VO2,

GXCAP, peak METs and the anaerobic threshold were extracted

from the session data. Intraoperative data was collected after

participant discharge and included surgical type (nonthoracic vs.

thoracic), surgical time, and intraoperative blood pressure

FIGURE 1

Average real variability (ARV) equation used in this investigation

where: wk, weight assigned to measurement k; BPk, blood

pressure measurement at time point k; BPk−1, blood pressure

measurement at previous time point (k-1); n= total number of

measurements; ││= absolute value notation. ∑, summation

notation.

Agarkov and Carr 10.3389/fanes.2025.1610632

Frontiers in Anesthesiology 03 frontiersin.org

https://doi.org/10.3389/fanes.2025.1610632
https://www.frontiersin.org/journals/anesthesiology
https://www.frontiersin.org/


(systolic, diastolic, MAP), heart and pulse oximetry data points.

Physiologic and Operative Severity Score for the enumeration of

Mortality and Morbidity (POSSUM) operative severity was

individually calculated from the preoperative and operative

record of individual participants (42). Anesthetic management

followed institutional protocols. Data on specific anesthetic

agents, ventilation parameters and fluid management were not

systematically collected.

2.6 Statistical analysis plan

Descriptive statistics were calculated for all variables.

Continuous variables were summarized using means, standard

deviations, medians, and interquartile ranges (IQR), while

categorical variables were presented as counts and percentages.

Univariate analysis was performed to analyze the relationship

between smCPET parameters and hemodynamic outcomes using

univariate tests. For continuous variables, Pearson correlations

coefficients (r) were calculated to assess linear relationships and

alternatively with Spearman’s rank correlation (ρ) for non-

normally distributed data. Mann–Whitney U tests were used to

compare continuous variables with non-normal distributions,

Student’s t test for normally distributed data and Chi square for

categorical data.

Logistic regression models were constructed to examine the

relationship between preoperative variables and binary

outcomes (intraoperative vasopressor administration, IOH

events) and generalized linear models for continuous data

(Systolic ARV). Models were adjusted for relevant clinic and

surgical factors, including surgical time, pre-admission

comorbidities, and presented as adjusted odds ratios (ORadj) or

incident rate ratios (IRR) with 95% confidence intervals.

Predictive ability was evaluated using receiver operating

characteristic (ROC) curve analysis. Bootstrap resampling

(1,000 iterations) was performed to estimate 95% confidence

intervals for the area under the curve (AUC), sensitivity, and

specificity. For the primary endpoint, mediation analysis was

performed to assess the influence of relationships between

measured FVC, surgery time and operative severity (43).

Decision boundary plot analysis was used to identify clinically

relevant thresholds for key predictors of the primary and

secondary endpoint. Quantile regression analysis (systolic

ARV), or ROC analysis with Youden’s J statistic (intraoperative

vasopressor use) was used to identify optimal thresholds (44).

Model fit was estimated using the coefficient of determination

(R2) (McFadden’s pseudo-R2) and likelihood ratios for linear

and logistic regression models. To inform the relationship

between measured FVC and intraoperative vasopressor use, a

Bayesian logistic regression was performed as a sensitivity

analysis, using weakly informative priors (normal distribution

with mean 0 and SD 2.5). Bayes factors were calculated to

quantify evidence strength. All statistical analysis was

performed on R version 4.3.2 (R Foundation for Statistical

Computing, Vienna Austria). A p-value of <0.05 was accepted

for significance.

3 Results

3.1 Participant baseline characteristics

101 participants completed the study protocol (see Figure 2).

54 of 101 (53.4%) completed lung spirometry and 97 of 101

(96%) had calculated systolic ARV. Baseline characteristics of the

cohort are presented in Table 1. Participants with intraoperative

vasopressor requirements were not different in terms of age 68.9

vs. 69.3 years old, p = 0.971), gender (43.6 vs. 40.9% female,

p = 0.246) but had a higher incidence of pre-admission history of

solid tumor (3.3 vs. 18.2%, p = 0.062) and higher incidence of

ACE/ARB use (51.5 vs. 24.4%, p = 0.053). Of 101 participants, 54

(53.4%) had measured FVC, median 2.56 [IQR: 2.03–3.15] and

FVC % predicted, 74.5 [60–85.5]. All 101 participants had a

GXCAP-VO2 slope with a median value of 29.8 [24.4–32.5].

Median surgical time was higher in the vasopressor group (140

vs. 205 min, p < 0.001), with no differences between thoracic and

nonthoracic cohorts (see Table 2). Of 101 participants, 99 (98%)

were performed under general endotracheal anesthesia, with 2

performed as general anesthesia with a natural airway, with no

differences between vasopressor or no vasopressor groups

(p = 0.461). Regarding smCPET measures, mean peak VO2

(24.45 vs. 24.09 ml kg-1 min-1, p = 0.989) was not different

between groups. No differences were observed in preoperative

smCPET measures, but trends were observed in measured FVC

(p = 0.165), and relative FVC (0.169).

3.2 Preliminary exploration of blood
pressure response patterns

Mean cohort vasopressor equivalents kg-1 min-1 were

0.531 mcg/kg/min (±0.95) and 66 of 101 participants (65.3%)

had intraoperative vasopressor administration, of which 22 of 66

(33.3%) participants received vasopressor infusions rather than

intermittent bolus dosing. Among 101 participants, 11 (10.9%)

had an IOH event. A median 2 recorded occurrences [IQR: 0–7]

per procedure were spent with MAP <65 mmHg comprising a

median 0.79% [IQR: 0–2.8] of procedure total time. Only 9 out

11 participants (81.8%) with IOH events received intraoperative

vasopressor administration.

There was a strong positive relationship between surgery time

and intraoperative vasopressor use, [median 248.6 vs. 156.1 min

Odds Ratio (OR): 1.008 (95% CI: 1.003–1.012) p = 0.002],

suggesting that for each minute increase in surgery time, the

probability of vasopressor use increased by 0.75%. Increasing

surgery time was not associated with vasopressor infusion

implementation (p = 0.273). However, surgery time was the

strongest predictor of intraoperative vasopressor use in the

cohort [OR: 2.706 (95% CI: 1.567–4.794) p = 0.0016], with an

AUC of 0.707 (sensitivity: 0.89, specificity: 0.36). Each SD

increase (153 min) of surgery time nearly doubled the odds for

vasopressor use. After preoperative smCPET measures were

analyzed, only measured FVC predicted intraoperative

vasopressor use [OR: 0.53 (95% CI: 0.28–1.01) p = 0.055].
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Each SD decrease (0.9 L) in FVC halved the odds of intraoperative

vasopressor use.

Systolic blood pressure AVR was 8.7 [IQR: 6.3–12.4] with a

strong negative monotonic correlation between increasing

surgical time and systolic ARV based on Pearson correlation

coefficient (r =−0.568, p < 0.001) and Spearman’s rho (−0.642,

p < 0.001), where increasing surgical time resulted in lower

systolic ARV (see Figure 3). Calculated POSSUM operative

severity provided moderate discriminative ability for any

intraoperative vasopressor use [OR: 1.862 (95% CI: 1.118–3.227)

p = 0.016]. When examining systolic ARV and increasing

vasopressor use (as vasopressor equivalents kg −1 min-1), a weak

negative relationship was observed (Pearson’s r =−0.235, p = 0.02;

Spearman’s rho =−0.27, p = 0.007). When excluding participants

without vasopressor use, the correlation was no longer significant

(Pearson r =−0.164, p = 0.198; Spearman rho =−0.010,

p = 0.938). A mediation analysis to determine whether surgery

time mediates the relationship between operative severity

(POSSUM operative severity score) and intraoperative

vasopressor use. Operative severity significantly predicted

vasopressor use [path c; B = 0.16, SE = 0.07, z = 2.40, p = .016,

OR = 1.17, 95% CI (1.03, 1.33)]. In the second step, operative

severity significantly predicted surgery time (path a; B = 19.78,

SE = 2.99, t = 6.61, p < .001), indicating that higher operative

severity was associated with longer surgeries. When both

POSSUM operative severity and surgery time were included in

the model predicting vasopressor use, surgery time significantly

predicted vasopressor use [path b; B = 0.007, SE = 0.003, z = 2.42,

p = .015, OR = 1.01, 95% CI (1.00, 1.01)], while the effect of

operative severity became non-significant [path c’; B = 0.05,

FIGURE 2

CONSORT flow diagram of patient enrollment.
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SE = 0.08, z = 0.59, p = .552, OR = 1.05, 95% CI (0.90, 1.22)]. The

indirect effect (a × b = 0.13) accounted for 83.2% of the total

effect, suggesting that surgery time substantially mediates the

relationship between operative severity and vasopressor use.

3.3 Primary endpoint analysis

54 (53.5%) of 101 participants had preoperative lung

spirometry during preoperative smCPET. 34 (63%) of 54 had

intraoperative vasopressor administration. Using receiver

operating characteristic cure analysis, FVC alone demonstrated

modest discriminative ability for predicting vasopressor use [2.47

(SD 0.88) vs. 2.9 (SD 0.86) Liters; AUC: 0.65, p = 0.064] with an

optimal FVC threshold of 2.18 L. Sensitivity at the optimal

threshold was 0.5 and specificity was 0.789 at this optimal

threshold. An adjusted logistic regression model with surgical

time, pre-admission solid tumor presence, ACE/ARB use, and

measured FVC demonstrated that surgery time [263.6 min (SD

162.5) vs. 170.9 min (SD 108.4), ORadj: 1.007 (95% CI: 1.0

−1.013) p = 0.036] and measured FVC [2.47 L (SD 0.88) vs. 2.9 L

(SD 0.86) ORadj: 0.496 (95% CI: 0.25–1.01) p = 0.052] most

contributed to the model [AUC: 0.76 (95% CI: 0.59–0.88);

sensitivity (0.91) and specificity (0.59) see Figure 4]. ACE use

(p = 0.58) and solid tumor presence (p = 0.32) did not contribute

to the final model. Decision boundary plot analysis (see

Supplementary Figure S1) estimated that surgeries >152 min and

measured FVC <2.18 L were associated with the highest risk for

intraoperative vasopressor use. To enhance the veracity of these

findings, a logistic regression model, constructed for measured

FVC and adjusted for surgical time and calculated POSSUM

operative severity, retained significance [measured FVC: ORadj:

0.5 (95% CI: 0.25–1.01) p = 0.054]. POSSUM operative severity

(p = 0.99) did not contribute to the model. An interaction

analysis demonstrated that POSSUM operative severity did not

vary based on measured FVC (p = 0.31).

A Bayesian analysis was conducted to examine the association

between forced vital capacity (FVC) and intraoperative vasopressor

use. Using conjugate normal priors, the difference in mean FVC

between groups was estimated through posterior distributions

derived from three prior specifications: weakly informative N (0,

12), skeptical N (0, 0.32), and vague N (0, 102). The observed

difference of 0.355 L (SE = 0.251) favoring the non-vasopressor

group yielded posterior mean estimates ranging from 0.209 L

(95% CI: −0.168, 0.586) under the skeptical prior to 0.355 L

(95% CI: −0.136, 0.846) under the vague prior. Across all prior

specifications, the probability that participants without

vasopressors had higher FVC values ranged from 86.2% to

92.2%, with Bayes factors varying from 0.863 (skeptical prior,

favoring null) to 14.621 (vague prior, strong evidence). The

weakly informative prior analysis, considered most appropriate

for this context, yielded a posterior mean difference of 0.334 L

(95% CI: −0.142, 0.811), P (δ > 0) = 0.915, and BF = 1.598,

indicating weak evidence against the null hypothesis

FIGURE 3

Correlation between increasing surgery time and systolic average real variability (ARV), notable for the strong negative monotonic correlation with

decreasing systolic ARV.
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(see Supplementary Figure 2). These findings suggest a clinically

meaningful difference of approximately 12%–14% in mean FVC

between groups, though the evidence remains limited, mainly

related to the small sample size.

3.4 Secondary endpoint analysis

97 of 101 participants had measured GXCAP-VO2 slope and

calculated systolic ARV. There was a moderate but significant

negative correlation (Pearson) between GXCAP-VO2 slope and

systolic ARV (r =−0.264, p = 0.009). The Spearman correlation

was similar (ρ =−0.271, p = 0.007), suggesting a consistently

negative monotonic relationship (see Supplementary Figure S2).

A generalized linear model (GLM; gamma log link function)

with a log link function was used to examine the relationship

between systolic ARV and GXCAP-VO2 slope, adjusted for

procedure category and surgery time. The model was significant,

χ2 (3, N = 103) = 50.52, p < .001, with a modest McFadden’s

pseudo R2 of 0.092. A significant negative association between

GXCAP-VO2 slope and systolic ARV was observed (b =−0.0103,

SE = 0.0039, p = 0.008). For each 10-unit increase in GXCAP-

VO2 slope, systolic ARV is expected to decrease by 9.8%

[incidence rate ratio = 0.902, 95% CI (0.84, 0.97)]. Surgery time

was also associated with systolic ARV (b =−0.0020, SE = 0.0003,

p < .001), with an incidence rate ratio of 0.99 [95% CI (0.997,

0.999)], indicating that for each additional minute of surgery

time, systolic ARV decreases by 0.20%. Using quantile linear

regression, the optimal threshold for GXCAP-VO2 slope was

estimated to be between 11.8 and 24.2, with <24 providing

moderate sensitivity (0.5) and specificity (0.84) for intraoperative

hemodynamic instability, as measured by systolic ARV (see

Supplementary Figure S3).

4 Discussion

This study examined indirect measures of intraoperative

hemodynamic instability in older adults undergoing elective

noncardiac surgery and explored their association with

preoperative smCPET measures. Key findings included: (1)

surgical time and POSSUM operative severity were strongly

associated with intraoperative vasopressor use; (2) among

smCPET-derived measures, measured FVC was associated with

vasopressor use; (3) participants with an FVC <2.18l and surgery

>152 min had the highest risk for intraoperative vasopressor use;

and (4) lower GXCAP-VO2 slope was associated with higher

systolic ARV, with a 9.8% reduction in ARV per 10-unit decrease

in observed GXCAP-VO2 slope.

4.1 Clinical implications: blood pressure
response patterns

In our studied cohort, increasing surgical time and POSSUM

operative severity were associated with intraoperative vasopressor

use. POSSUM operative severity was associated with

intraoperative vasopressor use but did not contribute to the

constructed logistic regression model when surgical time was

included, suggesting two possibilities: reduced sample size, or

that operative severity correlates with longer, and likely more

complex, surgeries, increasing the probability of vasopressor use.

To assess this, a mediation analysis was performed, where the

effect of operative severity on vasopressor use operates primarily

through its effect on surgery time. Higher operative severity leads

to longer surgeries, which in turn increased the likelihood of

vasopressor use. In simpler terms, higher operative severity itself

did not directly predict vasopressor use when controlling for

surgery duration.

There was a strong negative correlation between increasing

surgical time and systolic ARV, but not with increasing

vasopressor equivalents kg-1 min-1. The induction of any surgery

TABLE 1 Baseline characteristics of the studied cohort.

Variable Total No
vasopressor
(N= 35)

Vasopressor
(N= 66)

Siga

Age 69.2 (5.4) 68.9 (5.5) 69.3 (5.3) 0.971

Gender, number (%)

Female 44 (43.6) 18 (40.9) 26 (59.1)

Male 57 (56.4) 17 (29.8) 40 (70.2) 0.246

Body mass index,

kg m−2

27.9 (6.4) 27.8 (6.5) 28.02 (6.5) 0.771

Pre-operative comorbidities

Essential hypertension,

number (%)

59 (58.4) 17 (50) 42 (62.7) 0.313

Hyperlipidemia 56 (55.4) 17 (50) 39 (58.2) 0.567

Atrial fibrillation 6 (5.9) 2 (5.9%) 4 (6) 1.000

Heart failure, preserved

ejection fraction

2 (2) 0 (0) 2 (3) 0.793

Heart failure, reduced

ejection fraction

2 (2) 0 (0.0%) 2 (3) 0.793

Myocardial infarction 5 (5) 2 (5.9) 3 (4.5) 1.000

Chronic obstructive

pulmonary disease

10 (9.9) 4 (11.8) 6 (9) 0.925

Obstructive sleep apnea 15 (14.9) 5 (14.7) 10 (14.9) 1.000

Diabetes mellitus 20 (19.8) 6 (17.6) 14 (20.9) 0.902

Solid tumor 59 (58.4) 15 (44.1) 44 (65.7) 0.062

Smoking history

Never 55 (54.5) 15 (27.3) 40 (72.7)

Former 39 (38.6) 16 (45.7) 23 (34.8)

Active 7 (6.9) 4 (11.4) 3 (4.5) 0.166

Alcohol use

Never 18 (17.8) 7 (20) 11 (16.7)

Former 30 (29.7) 11 (31.4) 19 (28.8)

Active 53 (52.5) 17 (48.6) 36 (54.5) 0.839

Preoperative medicationb

Beta-blocker 34 (33.7) 10 (28.6) 24 (36.4) 0.43

Calcium channel

blocker

30 (29.7) 10 (28.6) 20 (30.3) 0.856

ACE/ARB 45 (44.6) 11 (24.4) 34 (51.5) 0.053

Sig, significance level; SD, standard deviation; ACE/ARB, angiotensin converting enzyme/

angiotensin receptor blocker.
aStudent’s t test, Mann–Whitney U test or Chi-square test as indicated.
bPatients permitted to continue beta blockers, calcium channel blockers on day of surgery,

but hold ACE/ARB blockers as per hospital policy.
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often involves significant adjustment and titration of anesthetic

agents, suggesting a contribution to higher systolic ARV, whereas

as surgery progresses, the anesthetic depth likely becomes more

consistent. Secondly, physiological compensatory mechanisms

may become more effective over time and increased ARV, due to

excess stimulation from surgical exposure and closure, would be

proportionally less in longer procedures when compared to the

maintenance phase. Vasopressors are typically administered to

achieve a targeted blood pressure threshold, rather than reduce

systolic blood pressure variability, thus the weak correlation

suggests that vasopressors may successfully achieve that goal, but

may not reduce moment-to-moment systolic variability.

Secondly, individual vasopressors may vary on their effects on

systolic vs. diastolic pressure, and are routinely given reactively,

e.g., administered after variability has occurred (45).

4.2 Clinical implications: FVC for the
prediction of intraoperative vasopressor use

Measured FVC demonstrated near significance for association

with increasing vasopressor administration. This was further

confirmed by a Bayesian approach, where the consistency of

directional effects across different prior specifications strengthens

confidence in the observed association, and warrants further

investigation with larger samples to confirm these preliminary

findings. The physiological rationale for measured FVC as a risk

predictor is compelling. Low FVC often reflects restrictive lung

physiology, decreased lung compliance, reduced thoracic cavity

volume, or impaired chest wall mechanics. These abnormalities

contribute to decreased venous return during positive pressure

ventilation. Higher airway pressures may be required to achieve

adequate minute ventilation, leading to increased intrathoracic

pressure, further impairing venous return and cardiac output.

Additionally, chronic adaptation to restricted pulmonary function

frequently presents with increased sympathetic tone and baseline

vasoconstriction, which the sympatholytic action of volatile and

intravenous anesthetics may unmask, creating higher probability

of lower systemic blood pressure and further pushing the

decision to initiate intraoperative vasopressor use. Low

pulmonary reserve may also decrease oxygen delivery, causing

tissue hypoxia and peripheral vasodilation.

Notably in our small cohort, absolute FVC was significant,

while FVC % predicted was not, suggesting larger absolute lung

volumes correlate with better thoracic capacity and venous return

during mechanical ventilation. This might indicate that enhanced

attention to tailoring mechanical ventilation, based on individual

factors, may have a salutary effect on intraoperative vasopressor

requirements. This is further supported by evidence that FVC

correlates better than predicted body weight for determining

appropriate tidal volumes (46). Alternatively, given the small

sample size, and narrow range of BMI in the studied cohort, it is

possible that relative FVC normalization, using these

nomograms, diluted its independent predictive power in the

multivariate logistic regression model, or that % predicted FVC

shares variance with other predictors in the model, in ways that

absolute FVC does not. Regardless, FVC may be a promising

simplified measure of frailty and cardiopulmonary impairment,

as lower spirometry values have been strongly associated with

lower metabolic equivalents (47). This is further supported by

measures of inspiratory muscle testing, specifically maximal

inspiratory pressure (MIP) and maximal sniff nasal inspiratory

pressure (SNIP), which have strong predictive value on survival

in heart failure patients (48).

TABLE 2 Intraoperative characteristics of the studied cohort.

Variable Total (N= 101) No vasopressor (N = 35) Vasopressor (N = 66) Siga

Surgical time, in minutes, median [IQR] 205 [120–273] 140 [70–230] 232.5 [156.3–286.7] <0.001

Procedural category

Non-thoracic 89 (88.1) 32 (36) 57 (64)

Thoracic 12 (11.9) 3 (25) 9 (75) 0.181

POSSUM calculated operative severity 10 [8–14] 9 [7–11] 11 [8–14] 0.008

Submaximal cardiopulmonary exercise testing measurements

Extrapolated peak VO2 (ml.kg-1min-1) 24.4 (7.6) 24.1 (6.3) 24.6 (8.2) 0.989

Extrapolated peak VO2 (% predicted) 107.2 (35.1) 108.79 (37.9) 106.31 (33.9) 0.989

Extrapolated peak METs (ml.kg-1min-1) 7.0 (2.2) 6.9 (1.81) 7.0 (2.3) 0.968

Extrapolated peak METs (% predicted) 107.2 (35.1) 108.8 (37.9) 106.3 (33.9) 0.989

Anaerobic Threshold Met, number (%) 52 (51.5) 16 (45.7) 36 (54.5) 0.404

Pulmonary capacitance measures

Peak GXCAP (mmHg.min.beat-1) 555.53 (191.94) 563.07 (196.58) 551.71 (190.93) 0.883

GXCAP-VO2 slope (mmHg.min.100.beat-1) 29.8 [24.4–32.5] 29.6 [23.35–32.45] 29.85 [24.5–32.7] 0.546

Measured forced vital capacity, in liters 2.6 (0.9) 2.9 (0.8) 2.5 (0.9) 0.165

Forced vital capacity (% predicted) 69.9 (18.2) 74.7 (13.9) 67.2 (19.9) 0.169

FEV1/FVC ratio 63.3 (21.8) 58.9 (23.4) 65.8 (20.8) 0.304

FEV1, 1 s, in liters 1.6 (0.7) 1.6 (0.8) 1.6 (0.7) 0.948

FEV1, 1 s (% predicted) 58.6 (24.9) 57.6 (24.5) 59.2 (25.6) 0.833

aStudent’s t test, Mann–Whitney U test or Chi-square test as indicated. Sig, significance level; VO2, oxygen uptake; GXCAP, gas-exchange derived pulmonary capacitance; METs, metabolic

equivalents; SD, standard deviation; FEV, forced expiratory volume.
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4.3 Clinical implications: GXCAP-VO2 slope
and systolic ARV

Lower GXCAP-VO2 slope was associated with higher systolic

ARV. This observation supports the supposition that it is a

dynamic marker of the cardiopulmonary system’s ability to

accommodate increased blood flow during stress. Reduced

pulmonary compliance, higher pulmonary vascular resistance,

or reduced right ventricular-pulmonary artery (RV-PA)

coupling, particularly in the setting of positive pressure

ventilation, results in increasing RV afterload, more variable RV

stroke volume and inconsistent left ventricular filling (49). RV-

PA coupling represents optimal efficiency between RV

contractility and PA afterload, when impaired, this mismatch

may lead to compromised stroke volume and cardiac output.

These effects are amplified under anesthesia due to drug-related

peripheral vasodilation, sympatholytic actions, positive pressure

ventilation, and surgical positioning. Normal compensatory

mechanisms (increased sympathetic activation, enhanced

baroreflex activity) are blunted, with combined effects result in

higher beat to beat systolic pressure variation. This manifests as

increased systolic ARV as the RV struggles to maintain

consistent stroke volume, creating variable left ventricular

filling. Overall, this suggests that GXCAP-VO2 slope represents

optimal biventricular function, and possibly ventricular

interdependence, as altered RV filling or pressure affects left

ventricular geometry and function through septal displacement

and pericardial restraints (37).

4.4 Summary

In summary, these observations challenge the intuitive

assumption that longer surgeries lead to more hemodynamic

instability. The reduced ARV during longer surgical procedures

and the weak relationship with increasing vasopressor

requirement suggest that other factors (anesthetic depth, fluid

management, temperature control) may be more globally

important for the reduction of intraoperative hemodynamic

variability. Regarding smCPET measures, measured FVC and

GXCAP-VO2 slope were the most compelling markers for

intraoperative vasopressor use and systolic ARV, respectively.

Lower measured FVC may suggest that underdiagnosed

decreased lung compliance, reduced thoracic cavity volume, or

impaired chest wall mechanics, may contribute more to IOH

than previously thought, while lower GXCAP-VO2 slope may

flag patients at higher risk for intraoperative hemodynamic

instability. The clinical utility of FVC as a preoperative risk

predictor is framed by several practical advantages. First,

pulmonary function testing is widely available, inexpensive, and

can be routinely performed in many preoperative evaluation

clinics. Second, FVC measurement is standardized, objective, and

reproducible. Third, unlike complex risk scores or specialized

cardiac testing, FVC results are immediately available and easily

interpreted by clinicians across specialties. Furthermore, FVC

may capture aspects of impaired physiological reserve not readily

apparent through conventional preoperative assessment. Our

findings align with established literature demonstrating that

FIGURE 4

Receiver operating characteristic curve of the constructed multivariable logistic regression model (includes measured forced vital capacity and surgical

time).
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frailty and limited exercise capacity predict poor surgical outcomes.

Preoperative CPET assessment may identify frail patients who

could benefit from prehabilitation programs before surgery.

Future studies should investigate whether targeted CPET-based

parameters can reduce intraoperative hemodynamic instability.

4.5 Limitations

Our study was not powered to definitively establish these

associations, but rather to identify potential relationships for

future targeted research. First, only 53.4% of participants had

measured FVC, this data loss introduces high risk for potential

selection bias, reduced statistical power and limits our ability to

establish causal relationships. Mitigation of overfitting logistic

regression models was attempted (using the 1:10 covariate to

outcome rule), which may result in unmeasured confounders.

Measured FVC had a modest AUC, suggesting limited

standalone discriminative ability, which was expected, given the

heterogeneity of patient factors and intraoperative care.

Intraoperative vasopressor use reflects both patient physiology

and clinician decision making, making it an imperfect surrogate

for intraoperative hemodynamic instability. Only borderline

statistical significance was observed, with wide confidence

intervals, reducing our ability to detect true relationships. It

would be challenging to separate the different effects of

intraoperative interventions (operative severity, vasopressor

selection) on both systolic ARV or intraoperative vasopressor use.

Anesthetic techniques and procedural complexity have significant

impact on intraoperative hemodynamic stability. This study did

not capture specific anesthetic agents, doses or technique used,

which represents a significant limitation. Systolic ARV

measurements required a 40 measurement minimum, however,

the differences between invasively obtained (arterial line) and

noninvasive measurements present an unknown confounder to

this endpoint. The binary classification of the primary endpoint

oversimplifies clinical decision making, although it is likely

superior to IOH event tabulation, given that IOH is usually

aggressively treated in the intraoperative time period. The

funding source’s interest in CPET technology validation could

theoretically bias interpretation toward positive findings;

however, our reporting of borderline statistical significance and

study limitations demonstrates transparent, unbiased analysis.

Furthermore, focusing on linear relationships understates the

complex interactions of intraoperative hemodynamics.

Undoubtably, external validation is required to confirm the

findings of this exploratory investigation.

4.6 Future directions

While promising, these findings are hypothesis-generating and

require external validation before clinical implementation of

measured FVC in preoperative risk assessment can be

recommended. Prospective studies should focus on three areas:

(1) validating the relationship between decreased ARV and

surgical duration while identifying associated risk factors; (2)

confirming the preliminary association between FVC and

intraoperative vasopressor use; and (3) evaluating whether

preoperative pulmonary optimization strategies can effectively

reduce IOH.

4.7 Conclusions

The authors provide a theoretical framework and preliminary

evidence for two quantitative physiological measures that may

aid in identification of intraoperative hemodynamic instability

risk; lower measured FVC for intraoperative vasopressor use and

lower GXCAP-VO2 slope for higher systolic ARV. Participants

with FVC <2.18 L undergoing surgeries ≥152 min faced highest

risk for intraoperative vasopressor use, while each standard

deviation increase in GXCAP-VO2 slope corresponded to 9.3%

lower systolic ARV. These observations establish a foundation for

future research on smCPET measures as predictors of

perioperative complications, recognizing IOH as a complex

interplay of patient, anesthetic, and surgical factors.
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