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Visual Abstract
IMPORTANCE Intraoperative hypotension is associated with adverse postoperative outcomes, Editorial
but whether a proactive strategy to prevent intraoperative hypotension improves outcomes
is uncertain. Related article

OBJECTIVE To determine whether intraoperative blood pressure management stratified by Supplemental content

risk of hypotension reduces postoperative functional disability compared with usual care in
adults undergoing noncardiac surgery.

DESIGN, SETTING, AND PARTICIPANTS In this randomized clinical trial, adults undergoing
elective noncardiac surgery at 2 tertiary hospitals in the Netherlands were enrolled from June
17,2021, to February 7, 2024. The date of last follow-up was October 24, 2024.

INTERVENTION Patients were randomized 1:1 to proactive blood pressure management with
mean arterial pressure targets based on risk of intraoperative hypotension (low risk,

=70 mm Hg; intermediate risk, =80; high risk, =90) or usual management at their
anesthesiologist's discretion, generally aiming to avoid a mean arterial pressure of less than
65 mm Hg without higher predefined targets.

MAIN OUTCOMES AND MEASURES The primary outcome was functional disability at 6 months,
assessed with the 12-item World Health Organization Disability Assessment Schedule 2.0
(WHODAS 2.0; scale range, 0-100; higher scores indicate more disability). A minimally
clinically important difference of 5 points was prespecified. There were 23 secondary
outcomes, including quality of life, complications, and mortality within 6 months.

RESULTS The trial was stopped early for futility after 3247 of 5000 planned patients (median
age, 59 years [IQR, 44-69]; 1738 female [53.5%]) were enrolled. A total of 677 patients (21%)
were low risk; 1814 (56%), intermediate risk, and 756 (23%), high risk. Baseline median
WHODAS scores were 12.5 [IQR, 4.2-29.2] in proactive group and 14.6 [IQR, 4.2-29.2] in
standard group). At 6 months, mean (SD) WHODAS scores were 17.7 (20.1) in the proactive
group and 18.2 (20.5) in the standard group (mean difference, -0.5; 95% credible interval,
-1.9to 0.9). There were no significant differences in any of the 23 secondary outcomes.

CONCLUSIONS AND RELEVANCE Intraoperative blood pressure management with mean arterial
pressure goals stratified by risk of hypotension did not improve functional disability at 6 months
postoperatively compared with standard intraoperative blood pressure management.

TRIAL REGISTRATION Overview of Medical Research in the Netherlands (CCMO): NL-OMON55117
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ntraoperative hypotension, defined as a mean arterial pres-

sure of less than 65 mm Hg, affects more than 75% of pa-

tients undergoing surgery and is associated with adverse
clinical outcomes, including myocardial ischemia, kidney fail-
ure, and mortality.""® However, it remains uncertain whether
hypotension during anesthesia should be corrected. Studies
aiming to prevent intraoperative hypotension have primarily
focused on identifying the lowest threshold of blood pres-
sure not associated with adverse outcomes. Several random-
ized trials have been conducted, although they were limited
by small sample sizes, or failure to report or achieve substan-
tial differences in blood pressures between intervention and
control groups.®1015

Patients determined preoperatively to be at higher risk of
intraoperative hypotension may experience more rapid or se-
vere blood pressure declines intraoperatively and thus may
benefit from a higher mean arterial pressure (MAP) target
higher than the commonly used threshold of 65 mm Hg. Based
on this rationale, we hypothesized that stratified blood pres-
sure targets—adjusted to a patient’s expected risk of intraop-
erative hypotension—could reduce intraoperative hypoten-
sion and improve outcomes.

To evaluate this hypothesis, the PRETREAT trial (Proac-
tive vs Reactive Treatment of Hypotension), a pragmatic ran-
domized trial comparing a proactive, risk-stratified approach
to intraoperative blood pressure management vs usual care,
was conducted.'® The primary outcome was functional dis-
ability at 6 months, measured using the 12-item World Health
Organization Disability Assessment Schedule 2.0 (WHODAS
2.0),1718 which evaluates functional impairment across 6 do-
mains: cognition, mobility, self-care, interpersonal relation-
ships, life activities, and participation.}”!°-2° A 6-month time
point was selected to capture both persistent complications
and downstream effects of perioperative events, including
those that may have clinically resolved but affect long-term
recovery. This time point aligns with recommendations from
the Standardized Endpoints in Perioperative Medicine (STEP)
initiative, which identified 6-month patient-reported disabil-
ity, measured with WHODAS, as an important functional out-
come for perioperative trials.'®

Methods

Design, Organization, and Oversight

This was a randomized clinical trial conducted at the Univer-
sity Medical Center Utrecht and Amsterdam University Medi-
cal Center, the Netherlands. The trial was registered with the
Overview of Medical Research in the Netherlands registry
(NL-OMONS55117, first registration March 3, 2021).2! The trial
protocol was approved by the Medical Ethics Committee of the
University Medical Center Utrecht (reference No. 20-749) and
has been published previously (Supplement 1).1¢ All partici-
pants provided written informed consent before enrollment.
The trial used an adaptive 2-phase design, which incorpo-
rated a first adaptive phase allowing for iterative adaptations
of the intervention strategy, and a successive trial phase study-
ing the effect of the intervention strategy on patient out-
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Key Points

Question Does intraoperative blood pressure management with
amean arterial pressure goal stratified by preoperatively
determined risk of intraoperative hypotension improve
postoperative functional disability at 6 months in patients
undergoing elective noncardiac surgery?

Findings In this randomized clinical trial including 3247 adults
undergoing elective noncardiac surgery, targeting a mean atrial
pressure of at least 70 mm Hg for patients at low risk, at least 80
mm Hg for those at intermediate risk, and at least 90 mm Hg for
those at high risk of intraoperative hypotension did not improve
postoperative disability at 6 months as measured by the World
Health Organization Disability Assessment Schedule (range, O to
100; minimal clinically important difference, 5 percentage points)
compared with usual intraoperative management that aimed to
maintain a mean arterial pressure of at least 65 mm Hg at the
discretion of the treating anesthesiologist (mean score, 17.7 vs
18.2, respectively).

Meaning Proactive, risk-stratified blood pressure management
did not improve postoperative disability at 6 months.

come. During the adaptive phase, data on the incidence of hy-
potension were monitored every 3 weeks ( = 8 times) to
accommodate necessary adaptations to the intervention strat-
egy. At the end of the adaptive phase (at 6 months) an interim
assessment of intervention efficacy was conducted, with a 30%
or more relative risk reduction in intraoperative hypotension
as the criterion to continue with the trial, no longer allowing
any adaptations to the intervention strategy. The trial is re-
ported in accordance with the Consolidated Standards of Re-
porting Trials (CONSORT) guidelines.

Trial Population

Adult patients (=18 years) undergoing elective noncardiac sur-
gery under general or central-neuraxial anesthesia with an ex-
pected hospital stay of at least 1 night after surgery were eli-
gible for inclusion (Figure 1). Patients undergoing low-risk
surgeries (eg, ophthalmic), obstetric procedures, or organ trans-
plant; participating in other clinical trials; being unable to meet
study requirements (eg, legal incapacity); and having an
American Society of Anesthesiologists (ASA) physical status
of 5 were excluded.

Trial Procedures

Patients were randomized 1:1 to a proactive blood pressure
management strategy (intervention) or usual care (control),
using concealed, computer-generated permuted blocks (sizes
4, 6, 8) in Castor EDC software,?? stratified by predicted intra-
operative hypotension risk. Randomization was performed
through the Castor EDC system with concealed allocation. Al-
though the same research team member could also coordi-
nate follow-up, patients completed outcome questionnaires
digitally, ensuring that outcome assessment remained blinded
to treatment allocation. Patients were not informed of their al-
location until after completion of the 6-month follow-up ques-
tionnaires to avoid influencing self-reported outcomes. Treat-
ing anesthesiologists in the intervention group were aware of
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Figure 1. Recruitment, Randomization, and Follow-Up of Patients in the PRETREAT Trial

18620 Assessed for eligibility

-

15098 Excluded
8190 Did not meet inclusion criteria
100 Changed to another anesthesia
technique
809 Too short to notice before surgery
2304 Refused participation
468 No permission to approach
453 No permission from surgeon
or anesthesiologist
2774 Other (eg, logistics, cancellation,
surgery at another hospital)

(3522 Randomized

1762 Randomized to targeted blood pressure
management
1618 Received intervention as allocated

139 Did not receive intervention as allocated
(consent withdrawn before surgery or
procedure canceled after randomization)

5 Technical failure

)

1760 Randomized to receive usual care
1629 Received intervention as allocated
122 Did not receive care as allocated
(consent withdrawn before surgery or
procedure canceled after randomization)
9 Technical failure

l

463 Lost to follow-up (unable to contact to
complete 6-mo WHODAS 2.0 questionnaire)

478 Lost to follow-up (unable to contact to
complete 6-mo WHODAS 2.0 questionnaire)
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2At 6 months, all missing data were
due to patients’ not completing the

|

i routine disability and quality of life
questionnaires. No in-person

1155 Included in the primary analysis
(1618 in the complete dataset)?

1151 Included in the primary analysis
(1629 in the complete dataset)?

follow-up visits were planned at 6
months, and no clinical assessments

were conducted.

allocation to deliver the proactive strategy, whereas anesthe-
siologists in the control group were not informed that their pa-
tients were participating in the trial to minimize changes in
usual care behavior.

Prior torandomization, a trained researcher calculated each
patient’s predicted risk of intraoperative hypotension using a
prespecified, center-specific model based on historical data
(eAppendix 1in Supplement 2). Patients were classified into low-,
intermediate-, or high-risk groups, which determined their as-
signed MAP target in the intervention group. Anesthesia teams
were provided a locally developed clinical guideline (Appen-
dix 2 of the study protocol in Supplement 1) via email the day
before surgery and as printed material in the operating room,
including flowcharts with risk stratum-specific treatment op-
tions. The choice of vasopressor, dosing, and timing remained
at the discretion of the attending anesthesiologist.

The intervention strategy required anesthesiologists to
maintain a minimum intraoperative MAP of at least 65 mm Hg,
with goals of at least 70 mm Hg for low-risk, at least 80 mm
Hg for intermediate-risk, or at least 90 mm Hg for high-risk pa-
tients. A detailed description of this strategy is provided in the
published protocol.’® The control group received usual care,
in which anesthesiologists sought to avoid sustained MAP val-
ues lower than 65 mm Hg, consistent with current standards
of practice and the European Society of Cardiology guideline
recommendations.??

Preoperative antihypertensive medications were man-
aged according to institutional policy, which aligns with in-
ternational recommendations.?* Angiotensin-converting en-
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zyme inhibitors, angiotensin receptor blockers, and diuretics
were withheld on the day of surgery, except for patients with
heart failure with reduced ejection fraction, in whom continu-
ation of these medications was advised. Patients taking
B-blockers and calcium channel blockers preoperatively con-
tinued these medications, and other antihypertensive agents
were managed at the discretion of the treating physician.

For patients with intraarterial catheters in place, arterial
blood pressure values were recorded—1 every minute. For pa-
tients with intermittent noninvasive blood pressure monitor-
ing, MAP was typically measured every 3 to 5 minutes. Hypo-
tension was defined as a MAP value lower than 65 mm Hg for
at least 2 consecutive measurements for arterial blood pres-
sure or 1 noninvasive reading to reduce misclassification from
transient fluctuations.?*

The WHODAS 2.0 and the EuroQol 5-Dimension 5-Level
(EQ-5D-5L) questionnaires were obtained preoperatively
(between the preoperative assessment visit and the day of sur-
gery), at 30 days, and 6 months after surgery as part of rou-
tine clinical care at both locations.

Trial Outcomes

The primary outcome was postoperative disability 6 months af-
ter surgery, measured with the 12-item WHODAS 2.0 (score
range, 0-100; higher scores indicate greater disability; mini-
mally clinically important difference [MCID], 5 percentage
points).'” Interpretation of the primary outcome was prespeci-
fied to be meaningful only if the intervention achieved both a
measurable change in treatment behavior (guideline-adherent

JAMA Published online October 12,2025

E3


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.18007?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.18007
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.18007?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.18007
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.18007

E4

Research Original Investigation

initiation of vasopressors) and areduction in intraoperative hy-
potension, defined as at least a 30% reduction in the area un-
der the threshold for MAP of lower than 65 mm Hg.

There were 23 prespecified secondary outcomes. Patient-
centered outcomes included WHODAS score at 30 days,
EQ-5D-5L score at 30 days and 6 months, in-hospital mortal-
ity, mortality within 48 hours, and all-cause mortality within
6 months. Additional clinical outcomes were length of stay,
postoperative troponin and creatinine values (<7 days), acute
kidney injury defined by Kidney Disease: Improving Global
Outcomes criteria, intensive care unit admission, use of non-
prophylactic antibiotics, hospital readmission, and reopera-
tion. Perioperative complications included hemorrhage re-
quiring transfusion, new-onset atrial fibrillation within 24
hours, and new-onset heart failure within 24 hours. A com-
posite secondary outcome was life-threatening events, de-
fined as any of the following: shock, venous thromboembo-
lism (deep vein thrombosis or pulmonary embolism),
myocardial infarction, stroke, or acute kidney injury. Full defi-
nitions of all secondary outcomes are provided in eAppendix
3in Supplement 2.

Sample Size Calculation and Power

Based on baseline WHODAS scores observed in the participat-
ing centers, we expected an absolute reduction in mean dis-
ability score from 17% to 12% (corresponding to an MCID of 5
percentage points) at 6 months in the intermediate-risk stra-
tum between the study groups. Accounting for an antici-
pated 20% loss to follow-up at 6 months, we estimated that a
total of 2500 patients per group would provide sufficient power
(eAppendix 2 in Supplement 2).1®

Statistical Analysis

All analyses were conducted using a bayesian framework,
which allowed us to estimate credible treatment effects given
the observed data. Patients were analyzed according to the
group to which they were randomized, and those who with-
drew consent or did not have the anticipated surgery were ex-
cluded from the analyses. Baseline characteristics of partici-
pants are described using frequencies with percentages for
categorical variables and medians with interquartile ranges
for continuous variables. Preoperative WHODAS and EQ-
5D-5L missing data were imputed by using the median value
of the corresponding variable because missingness of base-
line covariates was minimal and median imputation was con-
sidered sufficient and more transparent than more complex
methods.

Bayesian regression models were planned for analysis of
the effect of the intervention on treatment, intraoperative blood
pressures, and the outcome at 6 months, considering random-
ization, hypotension risk stratum, and their interaction. Be-
cause there were only 2 centers, we deemed it more efficient
and transparent to model study center as a dichotomous fixed
effect rather than including a random effect for 2 centers. Un-
less otherwise noted, all parameter estimates are reported as
means with 95% credible intervals (CrIs). All models were fit-
ted using weakly informative or noninformative default pri-
ors and using the Markov Chain Monte Carlo method.
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Disability at 6 months was analyzed with bayesian linear
regression, with baseline WHODAS scores as an additional in-
dependent variable. Superiority was defined as a posterior
probability of least 0.95 that WHODAS scores were at least 5
percentage points lower in the intervention group.'”

Treatment changes, ie, the proportion of procedures in
which vasoactive medication was initiated according to the
clinical guidelines of the intervention strategy, were ana-
lyzed with bayesian logistic regression. Superiority was de-
fined as a posterior probability at least 0.95 or higher guide-
line adherence in the proactive group compared with usual
care.

Reduction in intraoperative hypotension, measured by the
area under the threshold for a MAP value lower than 65 mm
Hg, was assessed using bayesian linear regression. Superior-
ity was defined as a posterior probability of at least 0.95 that
the area under the threshold in the proactive group was at least
30% lower than in usual care.

In addition to area under the threshold of less than 65 mm
Hg, we also calculated area under the threshold for MAP val-
ues lower than 100 mm Hg, higher than 100 mm Hg, and higher
than 130 mm Hg. The area under the threshold lower than 100
mm Hg was predefined to capture the overall burden of blood
pressure exposure below a physiological MAP threshold and
was used both descriptively and in an exploratory associa-
tion analysis (eAppendix 4 in Supplement 2). In contrast, MAP
of at least 100 mm Hg and at least 130 mm Hg was predefined
as safety end points to assess potential overtreatment with va-
sopressors and possible harm from excessive blood pressure
elevations. These thresholds were selected based on clinical
concerns that both hypotension and hypertension may con-
tribute to adverse outcomes.

Patient-level secondary outcomes, such as postoperative
complications and quality of life, were also analyzed using
bayesian linear or logistic regression models. Nonpatient-
centered secondary outcomes, such as process-level out-
comes, were summarized descriptively.

At the start of the study, 2 interim analyses were prespeci-
fied with the following stopping criteria: (1) a relative risk re-
duction ofless than 30% in the incidence of intraoperative hy-
potension (MAP <65 mm Hg) at 6 months (the end of the
adaptive phase); and (2) a 5 percentage point difference on the
WHODAS scale at 30 days after the inclusion of 2500 patients
(50% of the total sample size).

In June 2023, the data and safety monitoring board (DSMB)
recommended to add futility criteria to the interim analysis at
2500 patients and include the primary outcome of WHODAS
at 6 months (eAppendix 2, eTable 1in Supplement 2). Several
futility boundaries were defined, all based on an MCID of 5 per-
centage points on the WHODAS scale. Futility was defined if
(1) the posterior probability percentage point difference of 5
or more at 6 months was 10% or less in all risk strata, or (2) the
posterior probability percentage point difference of 5 or more
at 30 days was 5% or less within each stratum and simultane-
ously 20% or less at 6 months.

Markov Chain Monte Carlo sampling was performed in R
with the brms package (via Stan).?>-2® Six chains were run with
10 000 iterations each, including 5000 warm-up iterations.
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Table 1. Baseline Patient Characteristics

Intervention Control

Characteristic (n=1618) (n=1629)
Age, median (IQR), y 59 (44-69) 59 (45-69)
Sex, No. (%)

Men 764 (47.2) 745 (45.7)

Women 854 (52.8) 884 (54.3)
ASA classification, No. (%)

1 (Healthy) 277 (17.1) 275 (16.9)

2 (Mild systemic disease) 932 (57.6) 941 (57.8)

3 or 4 (Severe systemic disease) 409 (25.3) 413 (25.4)
Type of surgery, No. (%)

General 526 (32.5) 462 (28.4)

Gynecologic 247 (15.3) 291 (17.9)

Orthopedics 227 (14.0) 242 (14.9)

ENT or head and neck 228 (14.1) 216 (13.3)

Neurosurgery 191 (11.8) 198 (12.2)

Urologic 146 (9.0) 160 (9.8)

Plastic 53(3.3) 59 (3.6)

Duration, median (IQR), min
Planned 165 (105-225)
Realized 162 (103-250)
Type of blood pressure measurement
Arterial (invasive) 301 (18.6)
1317 (81.4)

104 (93-114)

Noninvasive
Baseline MAP, median (IQR), mm Hg
Preexisting conditions, No. (%)?

Hypertension 470 (29.0)
Pulmonary 223(13.8)
Cardiac 178 (11.0)
Diabetes 121 (7.5)
Kidney failure 53(3.3)
Preoperative medication use
ACE inhibitiors or angiotensin receptor 225(13.9)
blockers
B-Blockers 170 (10.5)
Calcium antagonists 161 (10.0)
Diuretics 128(7.9)
Antidiabetics 102 (6.3)
Type of anesthesia, No. (%)
General® 1569 (97.0)
Spinal 49 (3.0)

Preoperative WHODAS 2.0 score,
median (IQR)<¢

Preoperative EQ-5D-5L score,
median (IQR)%¢

12.5(4.2-29.2) (n = 1517)

0.8 (0.5-0.9) (n = 1517)

Abbreviations: ACE,
angiotensin-converting enzyme;
ASA, American Society of
Anesthesiologists; ENT, ear, nose, and
throat; EQ-5D-5L, EuroQol
5-Dimension 5-Level; MAP, mean
arterial pressure; WHODAS, World
Health Organization Disability
Assessment Schedule.

160 (105-225)
164 (104-245)

279 (17.1)
1350 (82.9)
104 (93-115)

2 Based on the International
Statistical Classification of Diseases

480(29.5) and Related Health Problems, Tenth
195 (12.0) Revision, codes provided in
148 (9.1) eAppendix 6 in Supplement 2.
121 (7.4) ©Combined with epidural in 153
patients in the intervention group
22 and 149 in the control group.
€ WHODAS score ranges from O to
218(13.4) 100, with higher scores indicating
greater disability. A score of around
154 (9.5) 12.5 reflects mild disability.
158 (9.7) A between-group difference of 5
points is considered the minimal
135 (8.3) clinically important difference.
94 (5.8) dCompleted preoperative
questionnaires; for the primary
1589 (97.5) analysis, missing values were
imputed using the sample median.
40 (2.5)

€ EQ-5D-5L index scores range from
-0.59t01.00, with 1.00 indicating
full health. A median score of 0.8
reflects moderate health-related
quality of life.

14.6 (4.2-29.2) (n = 1526)

0.8(0.5-0.9) (n = 1526)

Convergence was assessed using trace plots and with the Gel-
man-Rubin statistic. Posterior predictive checks evaluated
model fit, ensuring consistency between observed and pre-
dicted data.

To assess robustness of the primary outcome to devia-
tions from the missing-at-random assumption, we per-
formed a delta-based sensitivity analysis applying fixed shifts
to imputed WHODAS scores in the context of multiple impu-
tation (eAppendix 5 in Supplement 2).
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Interim Analyses
The prespecified interim analysis after the first 6 months dem-
onstrated a more than 30% relative risk reduction in intraop-
erative hypotension and the trial was continued accordingly.
The second interim analysis—including the futility analysis—
was conducted on December 12, 2023, at 2975 randomized pa-
tients rather than at approximately 2500 patients as planned.
This delay was the result of the recommendation to add futil-
ity criteria by the DSMB requiring additional preparations
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Table 2. Primary Outcome and Efficacy Requirements

Data or outcome measure

: f o ible i Odds ratio
Mean (SD) [No. of patients] Mean Difference (95% credible interval) (95% credible
Intervention Control Absolute® Relative, %° interval)©

Primary outcome
WHODAS 2.0 score at 6 mo

Overall®

Low risk®
Intermediate risk®
High risk®

17.7 (20.1) [1155]
13.1(15.8) [209]
17.1(18.6) [657]
22.5(24.7) [289]

18.2 (20.5) [1151]
13.9(15.7) [202]
17.9(19.7) [651]
21.8(24.0) [298]

-0.5 (-1.9t0 0.9)
-0.4(-3.7t02.9)
-0.9 (-2.8t00.9)
0.5(-2.3t03.2)

-2.8 (-10.5t0 5.0)
-2.5(-26.4 t0 21.0)
-5.0(-15.4t05.2)
2.2(-10.4t0 14.7)

Secondary outcomes

Vasopressor initiation according
to guidelines, % (No./total)

Overall®

Low risk?
Intermediate risk®
High riskd

60.1(973/1618)
37.2(124/333)
62.0 (563/908)
75.9 (286/377)

29.5 (481/1629)
12.5 (43/344)
30.7 (278/906)
42.2 (160/379)

Area under the threshold for mean
arterial pressure <65 mm Hg
(minute x mm Hg)

Overall” 28.5(80.9) [1618]

70.6 (133.8) [1629]

Low risk!
Intermediate risk'

High risk’

32.0(66.4) [333]
23.4(78.8) [908]
37.8(95.3) [377]

95.6 (155.8) [344]
63.4 (129.8) [906]
65.6 (118.7) [379]

30.6 (28.3 to 34.9)
29.0(21.7 to 36.0)
32.2(27.8t036.5)
31.0(24.8t037.1)

86.4(72.9t0101.6)
177.6 (109.0 t0 276.1)
82.1(66.0t0101.0)
58.8 (43.1t078.0)

3.73(3.21t04.31)
4.26 (2.89 t0 6.30)
3.87 (3.18 t0 4.72)
4.60 (3.35 t0 6.34)

-42.3(-49.8t0-34.8) -48.4 (-55.5t0-41.1)
-64.6 (-80.8t0-48.1) -58.3 (-69.4 to -46.2)
-40.1 (-50.0t0 -30.0) -50.1 (-60.0 to -39.6)
-27.3(-43.1t0-11.9) -32.8(-48.0t0-15.6)

2 Adjusted mean difference (continuous outcomes) or adjusted risk difference
(binary outcomes) between intervention and control groups.

® For continuous outcomes (World Health Organization Disability Assessment
Schedule 2.0 [WHODAS 2.0] area under the threshold), the adjusted mean
difference expressed as a percentage of the control group mean; for binary
outcomes (vasopressor initiation), the adjusted risk difference expressed as a
percentage of the control group event rate.

€ Adjusted odds ratio of the outcome comparing intervention and control
groups.

9The overall WHODAS effect was estimated in a bayesian linear regression
model including randomization group, baseline WHODAS score, and study
center.

©The WHODAS risk group effects were estimated in a bayesian linear regression

model including randomization group, hypotension risk stratum, their
interaction, baseline WHODAS score, and study center.

f The overall vasopressor effect was estimated in a bayesian logistic regression
model including randomization group and study center.

8The vasopressor risk group effects were estimated in a bayesian logistic
regression model including randomization group, hypotension risk stratum,
their interaction, and study center.

" The overall area under the threshold effect was estimated in a bayesian linear
regression model including randomization group and study center.
' The area under the threshold risk group effects were estimated in a bayesian

linear regression model including randomization group, hypotension risk
stratum, their interaction, and study center.

including submitting revisions of the study protocol and the
DSMB plan to the medical ethics committee.

For the second interim analysis, WHODAS data were avail-
able for 2474 patients at 30 days and 1896 patients at 6 months.
The mean between-group difference in WHODAS score at 30 days
was 0.6 (95% Crl, -2.3 to 3.5) and at 6 months was 2.0 (95% Cr1,
-1.8t05.7). The posterior probability of the intervention exceed-
ing the MCID of 5 percentage points was less than 5%. Based on
these results the DSMB concluded there was no harm, but rec-
ommended early termination of the trial for futility, so the trial
was stopped. During the time required to conduct the analysis,
review the results, and obtain the DSMB recommendation, the
trial continued recruiting and additional patients were random-
ized, bringing the total enrollment to 3522 of the planned 5000.

. |
Results

Trial Participants
Between June 17, 2021, and February 7, 2024, 18 620 patients
were screened for eligibility. The trial was stopped early for
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futility based on the DSMB recommendation after 3522 of
5000 planned patients were randomized: 1762 to the inter-
vention group and 1760 to the usual care group (Figure 1).
Of these, 1618 patients in the intervention group and 1629 in
the usual care group received the allocated intervention and
were included in the primary analysis population (Figure 1).
The median age of participants was 59 years (IQR, 44-69),
1738 (53.5%) were female, and 3158 (97.3%) received general
anesthesia (Table 1). The baseline characteristics were com-
parable between the groups. The date of last follow-up was
October 24, 2024.

A preoperative clinical risk score stratified 677 patients
(21%) as being at low risk; 1814 (56%), intermediate risk; or 756
(23%), highrisk of intraoperative hypotension. Of the 3247 ran-
domized patients who had received the allocated interven-
tion, 580 (17.9%) received invasive blood pressure monitor-
ingand 2667 (82.1%) received noninvasive measurements. At
6 months, 2306 patients (71.0%) completed WHODAS fol-
low-up (1151 in the intervention group and 1155 in the control
group). eTables 2 through 4 in Supplement 2 show baseline
characteristics for each risk group.
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Figure 2. Heat Map of Between-Group Differences in Intraoperative Mean Arterial Pressure Exposure
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The figure displays the difference in
the proportion of patients between
the intervention and control group
across categories of intraoperative
mean arterial pressure (MAP) and
cumulative time spent in each
category. Each cell shows the
percentage of patients in the
intervention group minus the
percentage in the control group.
Positive values (red shades) indicate
that more patients in the intervention
group spent time in that MAP
category; negative values (violet
shades) indicate the opposite. The
heat map shows a shift toward fewer
patients experiencing prolonged
exposure to MAP values less than 65
mm Hg in the intervention group,
accompanied by somewhat greater
time spent in higher MAP ranges
(including >95 mm Hg). Details of the
construction and interpretation of
this Figure are provided in eAppendix
4 in Supplement 2.
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Primary Outcome

The mean (SD) WHODAS score at 6 months was 17.7 (20.1) in
the intervention group and 18.2 (20.5) in the control group. The
between-group difference was -0.5% (95% CrI, -1.9% to 0.9%),
corresponding to arelative difference of -2.8% (95% Cr1, -10.5%
to 5.0%). The posterior probability of benefit of the interven-
tion was 0.1% (Table 2; eFigure 1in Supplement 2). Results were
consistent across prespecified risk strata.

Inlow-risk patients, the mean (SD) WHODAS score was 13.1
(15.8) in the intervention group and 13.9 (15.7) in the control
group, with a between-group difference of -0.4 (95% Cr1, -3.7
t02.9). Inintermediate-risk patients, the mean (SD) scores were
17.1(18.6) and 17.9 (19.7), respectively; difference -0.9 (95% CrI,
-2.8100.9). In high-risk patients, scores were 22.5 (24.7) vs 21.8
(24.0), with a difference of 0.5 (95% CrI, -2.3 to0 3.2).

Treatment Behavior and Intraoperative Hypotension
As prespecified, interpretation of the primary outcome re-
quired demonstration of both a behavioral change (vasopres-
sor initiation) and a reduction in intraoperative hypotension.
Both conditions were met: vasopressor use according to clini-
cal guidelinesincreased, and intraoperative hypotension was
reduced (see the Trial Outcomes subsection in the Methods sec-
tion). Compared with the control group, vasopressors were ad-
ministered more frequently according to the clinical guide-
lines in the intervention group (odds ratio [OR], 3.73; 95% Cr1,
3.21-4.31), with a 100% posterior probability of superiority
across all risk strata (Table 2; eFigure 1in Supplement 2).
The intervention effectively reduced intraoperative hy-
potension. The area under the threshold for MAP less than
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65 mm Hg was 28.5 mm Hg x minutes in the intervention
group vs 70.6 mm Hg x minutes in the control group, corre-
sponding to a 48.4% relative reduction (95% CrI, -55.5% to
-41.1%). The effect was most pronounced in low-risk patients
(32.0 vs 95.6 mm Hg x minutes; relative reduction, -58.3%;
95% Crl, -69.4% to -46.2%). Across all risk strata, the relative
risk reduction exceeded the prespecified 30% threshold,
indicating shorter and/or less severe episodes of hypoten-
sion. The median average MAP was 86.9 mm Hg (IQR, 82.0-
92.9) in the intervention group vs 81.1 mm Hg (IQR, 75.3-87.1)
in the control group. Any MAP less than 65 mm Hg occurred
in 47.7% of intervention patients vs 71.0% in controls (eTable 5
in Supplement 2).

Figure 2 displays a heat map of the difference in patient
distribution across MAP and time categories. Fewer interven-
tion patients experienced prolonged MAP less than 65 mm Hg,
with a visible shift toward higher MAP ranges. Details on heat
map construction are in eAppendix 4 in Supplement 2.

Secondary Outcomes

There were no significant differences in any of the 23 second-
ary outcomes. Compared with the control group, the inter-
vention group showed no improvement in the 30-day WHO-
DAS score (mean difference, -0.3; 95% Crl, -1.6 to - 1.1), the
30-day EQ-5D-5L (mean difference, 0; 95% Crl, -0.01t0 0.02),
or the 6-month EQ-5D-5L (mean difference, 0.01; 95% Crl,
-0.01 to 0.03; Table 3; eAppendix 7 in Supplement 2). There
were no significant differences between groups in 6-month all-
cause mortality (1.8% vs 2.3%; OR, 0.77; 95% Crl, 0.46 t0 1.25),
in-hospital mortality (0.3% vs 0.4%; OR, 0; 95% Cr1, O to 1.45),
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Table 3. Secondary Patient-Level Outcomes

No. (%) of patients

Regression coefficient

Outcome

Intervention group
(n=1618)

Control group
(n = 1629)

or odds ratio
(95% Crl)

Disability scores, median (IQR)
30-d WHODAS 2.0 (n = 2523)
30-d EQ-5D-5L (n = 2523)
6-mo EQ-5D-5L (n = 2306)

Mortality, No. (%)

In-hospital
In-hospital <48 h
All-cause mortality <6 mo

Length of stay, median (IQR), d (n = 3231)

Troponin, median (IQR), ng/L (n = 387)°

Creatinine, pmol/L (n = 774)®
Intensive care admission®
Nonprophylactic antibiotics®
Readmission in same hospital
Reoperation®

Hemorrhage requiring transfusion

New onset atrial fibrillation within 24 h
New onset heart failure within 24 h
Life-threatening events (patients)¢

Acute kidney injury®d

Deep vein thrombosis or pulmonary embolism

Myocardial infarction
Cerebrovascular accident
Shock

Overall

22.9(10.4 to 39.6)
0.74 (0.57 t0 0.85)
0.81 (0.68 t0 0.89)

5(0.3)

0

29 (1.8)
3.0(1.0t05.0)
10.5 (5.0t0 22.0)

71.0 (59.0 o 89.0)
59 (3.6)

273 (16.9)
533(32.9)

63 (3.9)

51(3.2)

2(0.1)

0

49 (3.0)
7(0.4)
5(0.3)
3(0.2)
3(0.2)
62 (3.8)

25.0(10.4t0 41.7)
0.75 (0.55 t0 0.86)
0.81(0.66 to 0.89)

7(0.4)

2(0.1)

38(2.3)
3.0(2.0t05.0)
8.0 (4.0t016.0)

72.0(61.0 t0 89.0)
47 (2.9)

290 (17.8)

584 (35.9)

60 (3.7)

41(2.5)

1(0.1)

0

58 (3.6)
9(0.6)
11(0.7)
1(0.1)
1(0.1)
75 (4.6)

-0.3(-1.6to 1.1)
0(-0.01 t0 0.02)
0.01 (-0.01 t0 0.03)

0(0to1.45)*
0(0to1.11)*

0.77 (0.46 to 1.25)
-0.06 (-0.52 t0 0.39)

-171.93 (-506.11 to
161.02)

-0.06 (-0.52 t0 0.39)
1.29(0.87 to 1.91)
0.93(0.77 to 1.13)
0.88(0.76 t0 1.02)
1.06 (0.74 t0 1.52)
1.27 (0.83t0 1.93)
2.32(0.20 to 41.86)?

0.84 (0.57 to 1.25)
3.71(0.40 to 69.96)°
0.77 (0.27 t0 2.11)°
0.44(0.14 t0 1.23)
3.78 (0.42 t0 66.64)
0.82 (0.58 t0 1.16)

Abbreviations: EQ-5D-5L, EuroQol
5-Dimension 5-Level; WHODAS,
World Health Organization Disability
Assessment Schedule.

Sl conversion factor: To convert
creatinine from pmol/L to mg/dL,
divide by 88.4.

2 Unreliable credibility interval due to
rare outcome.

®In-hospital within 7 days.
€ Within hospital stay.

9 Both the International Statistical
Classification of Diseases and
Related Health Problems, Tenth
Revision, registration codes
reported in eAppendix 6 in
Supplement and the Kidney Disease
Improving Global Outcomes criteria
were used to determine kidney
injury, both of which produced the
same results. Using only creatinine,
in case creatinine was not
determined, it was assumed that
patients did not have acute kidney

injury.

intensive care unit admission (3.6% vs 2.9%; OR, 1.29; 95% Cr1,
0.87101.91), hospital readmission (32.9% vs 35.9%; OR, 0.88;
95% Cr1, 0.76 t0 1.02), reoperation (3.9% vs 3.7%; OR, 1.06; 95%
Crl, 0.74 to 1.52), or new-onset atrial fibrillation or heart fail-
ure (<0.1%; OR, 2.32; 95% CrI, 0.20 to 41.86).

Post-Hoc Sensitivity Analysis

Results were stable across all delta scenarios, with estimated
treatment effects consistently close to zero and 95% Crls
remaining within the prespecified MCID (eAppendix 5 in
Supplement 2).

|
Discussion

This trial demonstrated that a strategy of proactively select-
ing MAP targets based on preoperative assessment of risk of
intraoperative hypotension did not lead to a clinically rel-
evant impact on functional disability at 6 months or any sec-
ondary outcome compared with a strategy based on standard
intraoperative blood pressure management.

These findings align with a recent meta-analysis®” of 10 ran-
domized trials involving 9359 patients that reported no mean-
ingful differences in complications or mortality between pro-
active and usual care strategies, aside from a modest reduction
in atrial fibrillation and length of stay. This meta-analysis used
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mortality as a primary outcome, which likely does not cap-
ture mild organ injury potentially resulting from intraopera-
tive hypotension. Notably, the meta-analysis was largely driven
by the Perioperative Ischemic Evaluation-3 (POISE-3),'*> which
included 7490 patients, in which intraoperative MAP targets
were implemented together with a protocol for perioperative
antihypertensive drug management. This combined ap-
proach makes it difficult to determine to what extent the ob-
served effects were attributable to the blood pressure targets
themselves vs the medication strategy. The PRETREAT trial'®
sought to address this by choosing postoperative functional
disability at 6 months as the primary outcome to assess longer-
term consequences of perioperative events.'®

The results herein suggest that usual care, in which clini-
cians typically aim to prevent MAP from being lower than
65 mm Hg but often fail to fully avoid such episodes, does not
result in worse outcomes than proactively maintaining higher
intraoperative targets. However, the safe lower limit of MAP
remains uncertain, especially given concerns that vasopres-
sors used to raise blood pressure may increase the risk of acute
kidney injury.28-2°

The intervention in the current study used risk-stratified
blood pressure targets based on a preoperative intraoperative
hypotension prediction model. Although this approach re-
flects real-life decision-making and reduces overtreatment, it
may have lacked sufficient individualization. Within each risk
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group, there may have been heterogeneous treatment ef-
fects, with some patients benefiting and others not, resulting
in a net neutral effect. Additionally, although the interven-
tion reduced hypotension, the mean MAP difference be-
tween groups was 5.8 mm Hg (86.9 mm Hg vs 81.1 mm Hg),
which may not have been large enough to affect functional re-
covery. However, the heat map analysis (Figure 2) more clearly
revealed a shift away from prolonged or deep hypotension in
the intervention group, accompanied by somewhat greater
time spent at higher MAP values, including higher than
95 mm Hg. Although this hypothetically raises concern that
benefits of avoiding hypotension might be offset by in-
creased hypertension, no signal of excess major complica-
tions such as myocardial infarction, stroke, hemorrhage, or
acute heart failure was observed.

The relatively high MAP values in the control group likely
reflect current practice in which a MAP of less than 65 mm Hg
is avoided, although not always successfully. A recent survey
of 146 Canadian anesthesiologists, perfusionists, and cardiac
surgeons found that 88% of anesthesiologists reported avoid-
ing MAP values less than 65 mm Hg, and most indicated ini-
tiating vasopressor therapy when pressures approached this
threshold.3° This supports the interpretation that the control
group in the current study, in which vasopressors were fre-
quently administered, represents a realistic and clinically rel-
evant comparator.

Although some patients experienced limited hypoten-
sion, the median area under the threshold of less than 65 mm
Hg in the control group (23.7 mm Hg x minutes) was compa-
rable with prior studies linking intraoperative hypotension to
adverse outcomes.®

Previous studies on perioperative blood pressure man-
agement, including a meta-analysis,?” yielded conflicting re-
sults highlighting the challenges in this field.}'> To address
these, PRETREAT incorporated several design features. First,
the adaptive design incorporated explicit stopping rules that
allowed interim assessment of intervention efficacy, ensur-
ing that the trial would only proceed to full enrollment if the
intervention achieved a meaningful reduction in intraopera-
tive hypotension. Second, the intervention included clear, ex-
pert-developed guidelines to support implementation and ad-
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herence, which has reportedly been difficult in previous trials.'®
Third, the control group reflected contemporary clinical prac-
tice, unlike earlier randomized clinical trials with possibly un-
dertreated controls.!®"! Fourth, a WHODAS evaluation at 6
months was chosen as the primary outcome because it cap-
tures long-term functional disability that may result from early
postoperative complications. The consistency of findings at 30
days and across in-hospital outcomes supports its validity as
a long-term end point.

Limitations

This study has several limitations. First, the stratified MAP
targets were based on preoperative intraoperative hypoten-
sion risk and may not fully reflect patients’ intraoperative
susceptibility, which could have led to heterogeneous effects
within risk groups. Second, although the WHODAS 2.0 is vali-
dated and widely used, it may not identify isolated subclini-
cal organ dysfunction. Third, 29% of patients lacked primary
outcome data, which introduces potential attrition bias
despite consistent findings at 30 days and across secondary
outcomes. Fourth, anesthesiologists in the intervention
group were not blinded, although those in the control group
were not informed about trial participation, which likely
minimized performance bias. Fifth, preoperative antihyper-
tensive medication use in this analyses was not accounted
for. Although perioperative management was standardized
across sites according to institutional policies aligned with
international recommendations, residual effects of these
medications on intraoperative hemodynamic stability cannot
be excluded. Sixth, postoperative hypotension was not tar-
geted, which may also affect long-term outcomes. Seventh,
early stopping for futility reduced statistical power and pre-
cluded robust subgroup analyses.

. |
Conclusions

Intraoperative blood pressure management with a MAP goal
stratified by risk of intraoperative hypotension did not improve
functional disability at 6 months postoperatively compared with
standard intraoperative blood pressure management.
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