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ARTICLE INFO ABSTRACT

Keywords: Background: Managing systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart
Acute aortic dissection rate (HR) is pivotal in acute aortic dissection (AAD) care. However, no prior studies have jointly
Blood pressure analyzed the trajectories of these parameters. This research aimed to characterize their joint
Heart rate - . longitudinal trajectories and investigate the influence on AAD prognosis.

Group-based multi-trajectory modeling

Trajectory Methods: We included AAD patients from the Medical Information Mart for Intensive Care

ICU (MIMIC)-IV database. Using group-based multi-trajectory modeling (GBMTM), we identified
combined trajectories of SBP, DBP, and HR within the initial 24 h of intensive care unit (ICU)
admission. Cox proportional hazard regression, log-binomial regression, and logistic regression
were employed to assess the association between trajectory groups and mortality outcomes.
Results: Data from 337 patients were analyzed. GBMTM identified five combined trajectory
groups. Group 1 featured rapidly declining SBP and DBP with high pulse pressure and low HR;
Group 2 showed high to moderate SBP with slight rebound and persistently low HR; Group 3
displayed persistently moderate BP and HR; Group 4 was characterized by moderate blood
pressure with persistently high HR; and Group 5 had high to moderate SBP with slight rebound,
high but gradually declining DBP, and slightly high HR. Group 3 demonstrated a lower risk of
mortality, with an adjusted hazard ratio of 0.32 (95 % CI, 0.14-0.74), and the adjusted relative
risks for in-hospital, 30-day, and 1-year mortalities were 0.37 (95 % CI, 0.15-0.87), 0.25 (95 %
CI, 0.10-0.62), and 0.41 (95 % CI, 0.22-0.79), respectively. The time-independent C-index curve
demonstrated that the multi-trajectory groups had higher C-index values than any univariate
trajectory groups or admission values of SBP, DBP, and HR.
Conclusions: Utilization of GBMTM can yield data-driven insights to identify distinct sub-
phenotypes in AAD patients. The combined trajectories of SBP, DBP, and HR within 24 h of ICU
admission significantly influenced the mortality rate.
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1. Background

Acute aortic dissection (AAD) is a medical emergency caused by aortic intimal tear, with an in-hospital mortality rate of 13%-25 %
[1,2]. Most deaths occur within 48 h of the onset of aortic dissection (AD) when there is no intervention [3]. Guidelines for the
management of AAD emphasize the importance of blood pressure (BP) and heart rate (HR) control, and numerous studies have
evaluated the impact of BP or HR, measured at a single time point, on patient prognosis [4-7]. However, existing research has certain
limitations, including a lack of high-quality evidence for optimal BP and HR control. This lack may conceal the effect of changing BP or
HR patterns. Furthermore, previous studies have typically analyzed systolic blood pressure (SBP), diastolic blood pressure (DBP), and
HR as separate indicators instead of considering them together as a comprehensive indicator. Given that BP and HR are both regulated
by the autonomic nervous system and can be influenced by commonly used medical treatments like sedatives, analgesics, and anti-
hypertensives, it is important to take into account their combined changes.

Group-based trajectory modeling (GBTM) is a descriptive data analysis technique based on finite mixture modelling [8]. It uses
maximum likelihood estimation to identify groups of people who follow similar trajectories on a single indicator. Group-based
multi-trajectory modeling (GBMTM) identifies potential populations of individuals that simultaneously follow similar trajectories
across two or more distinct but related indicators [9,10]. These models are suitable for repeated follow-up measurements of the same
individual at multiple time points and can better represent the dynamic trend of variables over time. Some studies have successfully
applied this method to trajectories in SBP [11], intracranial pressure [12], body temperature [13], and other indicators in clinical
patients. BP and HR are two closely related vital signs that are commonly monitored in critically ill patients. We propose that more
useful information for intensive care unit (ICU) care strategies may be provided by multi-trajectory groups of these vital signs. In this
study, we aimed to investigate the trajectories of AAD patients in the ICU, based on their SBP, DBP, and HR, to define groups and assess
their associations with clinical outcomes.

2. Materials and methods
2.1. Data source and ethics approval

This study utilized data extracted from the Medical Information Mart for Intensive Care IV (MIMIC-1V, V2.0) [14], a comprehensive
clinical database containing high-resolution information on patients admitted to the Beth Israel Deaconess Medical Center in Boston,
MA, between 2008 and 2019. The Institutional Review Board at the medical center has reviewed the MIMIC database and granted a
waiver of informed consent as well as approval for the data sharing initiative. To comply with relevant regulations, the first author (XS)
obtained a Collaborative Institutional Training Initiative (CITI) license (certification No. 48810644) and permission to access the
MIMIC-IV database.

2.2. Study subjects

International Classification of Diseases (ICD) codes, Ninth and Tenth Revision, were utilized to select patients. Specifically, AAD
was defined as the occurrence of the disease with ICD codes I71.0 and 4410 in the first discharge diagnosis position, specifically for the
first ICU admission during the first hospitalization in cases of patients with multiple ICU stays. Exclusion criteria were applied to
patients younger than 18 years, pregnant patients, and those diagnosed with connective tissue disorders, Marfan syndrome, or
traumatic aortic dissection. Additionally, we only included patients who had more than three BP and HR recordings.

2.3. Data collection

Structured query language (SQL) was used to extract the necessary data from the MIMIC-IV database for our analysis. The extracted
data included demographic data (age, gender, ethnicity, height, weight), comorbidities (hypertension, diabetes, coronary diseases,
chronic kidney disease (CKD), cancer), laboratory values, medication records (e.g., calcium channel blocker (CCB), angiotensin-
converting enzyme inhibitor (ACEI), angiotensin receptor blocker (ARB), beta-blocker, analgesic), treatment (endovascular repair,
surgical procedure), continuous renal replacement therapy (CRRT), mechanical ventilation, and disease severity scores, including the
Sequential Organ Failure Assessment (SOFA), Acute Physiology Score III (APSIII), Oxford Acute Severity of Illness Score (OASIS), and
Simplified Acute Physiology Score II (SAPS II). Furthermore, the dissection site was categorized according to ICD codes.

2.4. BP, HR, and mortality

Measurements of SBP, DBP, and HR were taken and recorded within the first 24 h following ICU admission. In instances where
these variables were documented multiple times within a 1-h interval, we computed the average value of these records for further
analysis in this study. The primary outcome of interest in this study was all-cause mortality. Hospital mortality was defined as death
occurring during the hospitalization period. Furthermore, we ascertained 30-day mortality and 1-year mortality based on the duration
between the date of ICU admission and the date of death.
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2.5. Statistical analysis

In this study, GBMTM was used to analyze the multi-trajectories of SBP, DBP, and HR measures within 24 h of ICU admission, as
well as univariate trajectory modeling for each variable separately by GBTM. To ensure sufficient sample sizes in each group, we
created models with 2-5 groups and assigned group membership accordingly. We determined the optimal number of groups by
considering several parameters, including lower absolute value Bayesian and Akaike information criteria (BIC and AIC), log-likelihood
(LL), average posterior probability (AvePP) of groups greater than 0.7, odds of correct classification (OCC) greater than 5, and group
size greater than 5 %. After identifying multi-trajectory groups, patient demographics and baseline clinical characteristics were
summarized using means and standard deviations for continuous variables, and frequencies and percentages for categorical variables.
We compared categorical variables using the chi-square test or Fisher exact test when appropriate. Analysis of variance (ANOVA) or
the Kruskal-Wallis test was used to compare continuous variables among multiple groups.

In order to thoroughly examine the connection between trajectory groups and mortality, we employed various statistical models.
Firstly, we utilized Cox proportional hazard models to calculate hazard ratios when the assumption of proportional hazards was met.
Secondly, we used log-binomial regression or poisson regression models with a robust variance estimator if the binomial model failed
to converge, to estimate relative risk (RR). Additionally, we validated our findings by employing a logistic regression model and
conducted multiple imputations to address missing data for body mass index (BMI).

In the multivariate analysis, we employed three models to elucidate the influence of trajectory grouping on patient prognoses. In
Model 1, we examined the groups without any covariates. In Model 2, we adjusted for age, gender, and race. Finally, in Model 3, we
further adjusted for BMI, diabetes, hypertension, SOFA score, AD location, and management. The selection of adjusted covariates was
based on their clinical significance, previous publication in the literature, and data available in the database.

By expanding on the criteria for covariate selection, we ensured the robustness of our models and minimized the risk of overfitting
by approximating adherence to the principle of 10 events per variable (EPV) in our logistic and Cox regression analyses. Furthermore,
guided by literature on the impact of blood pressure on the prognosis of AAD [15,16], we selected demographic factors (age, gender),
physiological parameters (BMI), and clinical history (hypertension, diabetes) for inclusion. The AD location was utilized as a proxy for
the Stanford classification, and treatment strategies (conservative treatment, thoracic endovascular aortic repair (TEVAR), surgical
intervention, hybrid surgery) were incorporated due to their critical role in affecting patient mortality. The SOFA score was also
included, informed by univariate analyses that demonstrated its significant prognostic value in reflecting the severity of a patient’s
condition upon admission. This score encompasses a comprehensive assessment of organ dysfunction, covering respiratory, cardio-
vascular, hepatic, neurological, renal, and coagulation functions. Finally, we evaluated collinearity among the covariates using
tolerance and Variance Inflation Factor (VIF) tests. Significant collinearity was deemed present if the tolerance value fell below 0.1 or if
the VIF exceeded 10, ensuring the integrity and reliability of our model adjustments. Given the potential influence of uniformity in the
treatment approach for BP and HR on the study’s results, variability in treatment approaches, including the use of analgesics and other
medications, was accounted for as covariates in the sensitivity analysis.

( AD patients with ICU admission in MIMIC-IV database }

(n=643)
Exclusion Criteria:
& o Hospital stay sequence # 1 (n=80)
d e Readmission records (n=100)
e AD not as primary diagnosis (n=116)
A
AAD patients
(n=347)

a I

Exclusion Criteria:

e Patients<18 years (n=0)

e Connective tissue disease and Marfan
syndrome (n=4)

e Traumatic AD (n=0)

e Pregnant patients (n=0)

e Messurements of BP and HR < 3 times (n=6)
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Y

Patients included
(n=337)

Fig. 1. Flowchart of the study
Abbreviations: AD: aortic dissection; ICU: intensive care unit; AAD: acute aortic dissection.
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The time-independent concordance index (C-index) was employed to evaluate the prognostic significance of multi-trajectory
groups, univariable trajectory groups, and baseline clinical measurements—specifically, SBP, DBP, and HR—in predicting 1-year
mortality outcomes following hospital admission. The analysis was performed using the TRAJ procedure in STATA version 17.
Descriptive tables and statistical analyses were conducted in R (version 4.2.1) and SPSS software (version 27.0), and statistical sig-
nificance was determined at a two-sided p-value of less than 0.05.

3. Results

The study initially identified 643 critically ill patients with AD from the MIMIC-IV database. After applying specific criteria, the
study ultimately included 337 patients with AAD in the analysis (Fig. 1). Through GBMTM analyses, the study identified five distinct
multi-trajectory groups (Fig. 2). As presented in Appendix Table S1, these groups demonstrated high AvePP (>0.97), the smallest BIC,
AIC, and LL values, and a group size exceeding 5 % for all groups. Additionally, the OCC values exceeded 5.0 in all groups, indicating
excellent grouping. The longitudinal trajectories within each group exhibited progressive differences. The five multi-trajectory groups
were as follows:

Group 1 (acutely descending BP with slight rebound, high pulse pressure, and persistently low HR, n = 31, 9.32 %): Comprising 31
individuals or 9.32 % of the total sample, this group initially presented with high SBP. There was a sharp decrease in the SBP to 110
mmHg between the 6th to 7th hour. Despite this, a slight rebound was observed, causing the SBP to rise to 115 mmHg. The DBP
paralleled the SBP’s trajectory, but the pulse pressure (the difference between SBP and DBP) remained notably high at around 70
mmHg. The HR consistently hovered at a low range of approximately 60-65 beats per minute (bpm) throughout.

Group 2 (high to moderate SBP with slight rebound; medium and gradually declining DBP; persistently low HR, n = 54, 16.50 %):
This group represents 54 individuals, making up 16.50 % of the total. They began with a high SBP, which showed a gradual decrease,
stabilizing at a moderate level of about 120 mmHg. In sync with this, the DBP in this group also demonstrated a steady decline from
approximately 70 to 60 mmHg. Echoing Group 1, the HR in Group 2 remained consistently low at approximately 60-65 bpm.

Group 3 (persistently moderate, n = 118, 34.98 %): This group, constituting the largest proportion of the sample (34.98 %), is
marked by a steady SBP of approximately 110 mmHg, showing a slight but not significant decrease within the 4-12 h time frame. The
DBP exhibited a minor and consistent decline from 60 to 52 mmHg, whereas the HR was steadily maintained at around 75 bpm.

Group 4 (moderate BP and persistently high HR, n = 78, 22.85 %): This group mirrored the BP trend seen in Group 3; however, the
HR remained consistently above 90 bpm, significantly higher than the previous groups.
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Fig. 2. Trajectory groups of 24-h SBP/DBP/HR by group-based multi-trajectory modeling
Abbreviations: SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate.Different colored lines represent distinct trajectory groups.
The percentages in each graph denote the proportion of the total sample represented by each trajectory group.
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Table 1
Demographic and clinical characteristics.
[ALL] Groupl Group2 Group3 Group4 Group5 P.
N =337 N=31 N =54 N =118 N=78 N =56 overall
Baseline characteristics
Age 68.6 [58.1; 78.5 [72.9; 69.0 [61.1; 70.6 [58.5; 65.3 [55.4; 62.7 [55.9; <0.001
78.5] 82.3] 79.1] 78.8] 75.1] 72.3]
Gender(Female) 196 (58.2 %) 13 (41.9 %) 29 (53.7 %) 65 (55.1 %) 50 (64.1 %) 39 (69.6 %) 0.077
Race 0.042
Black 45 (13.4 %) 4(12.9 %) 11 (20.4 %) 8 (6.78 %) 11 (14.1 %) 11 (19.6 %)
Hispanic 18 (5.34 %) 2 (6.45 %) 2 (3.70 %) 4 (3.39 %) 5 (6.41 %) 5 (8.93 %)
Other/Unknown 91 (27.0 %) 4 (12.9 %) 10 (18.5 %) 38 (32.2 %) 28 (35.9 %) 11 (19.6 %)
White 183 (54.3 %) 21 (67.7 %) 31 (57.4 %) 68 (57.6 %) 34 (43.6 %) 29 (51.8 %)
BMI 27.0 [23.7; 27.4 [21.8; 25.5 [21.3; 27.1 [23.9; 27.3 [23.8; 26.9 [24.0; 0.628
31.6] 30.1] 34.9] 31.2] 32.7] 31.4]
Location 0.119
Abdominal aorta 41 (12.2 %) 8 (25.8 %) 9 (16.7 %) 13 (11.0 %) 4 (5.13 %) 7 (12.5 %)
Thoracic aorta 224 (66.5 %) 18 (58.1 %) 34 (63.0 %) 75 (63.6 %) 60 (76.9 %) 37 (66.1 %)
Thoracoabdominal aorta 65 (19.3 %) 4 (12.9 %) 10 (18.5 %) 28 (23.7 %) 14 (17.9 %) 9 (16.1 %)
Unspecified site 7 (2.08 %) 1 (3.23 %) 1 (1.85 %) 2 (1.69 %) 0 (0.00 %) 3 (5.36 %)
Smoking history 42 (12.5 %) 6 (19.4 %) 12 (22.2 %) 12 (10.2 %) 5 (6.41 %) 7 (12.5 %) 0.055
Vital signs at the beginning
Heart rate 79.0 [69.0; 66.0 [61.0; 66.0 [61.0; 79.0 [70.0; 89.5 [80.0; 82.5 [74.8; <0.001
87.0] 72.5] 74.2] 85.0] 97.0] 89.0]
Respiration rate 16.0 [14.0; 16.0 [14.0; 16.0 [14.0; 16.0 [14.0; 16.0 [14.0; 17.0 [14.0; 0.546
19.0] 19.0] 20.0] 20.0] 18.0] 19.0]
Temperature 36.7 [36.4; 36.6 [36.1; 36.7 [36.4; 36.7 [36.4; 36.8 [36.3; 36.8 [36.4; 0.041
37.0] 36.7] 36.9] 37.0] 37.3] 37.0]
SBP 118 (21.8) 121 (21.2) 129 (22.1) 112 (18.8) 112 (21.9) 124 (21.9) <0.001
DBP 62.0 [54.0; 57.5 [46.2; 73.0 [64.0; 58.5 [53.0; 59.0 [49.8; 74.0 [64.5; <0.001
74.2] 64.5] 81.0] 66.8] 70.0] 84.0]
Co-morbidity
Cancer 12 (3.56 %) 3 (9.68 %) 0 (0.00 %) 4 (3.39 %) 2 (2.56 %) 3 (5.36 %) 0.163
Chronic kidney disease 40 (11.9 %) 6 (19.4 %) 6 (11.1 %) 12 (10.2 %) 5 (6.41 %) 11 (19.6 %) 0.110
Diabetes 46 (13.6 %) 8 (25.8 %) 9 (16.7 %) 12 (10.2 %) 10 (12.8 %) 7 (12.5 %) 0.243
Hypertension 287 (85.2 %) 28 (90.3 %) 48 (88.9 %) 101 (85.6 %) 63 (80.8 %) 47 (83.9 %) 0.683
Coronary diseases 82 (24.3 %) 13 (41.9 %) 17 (31.5 %) 26 (22.0 %) 15 (19.2 %) 11 (19.6 %) 0.066
Blood biomarkers
Blood urea nitrogen (mg/ 18.0 [13.0; 21.0 [13.0; 16.5 [12.0; 17.0 [14.0; 18.0 [14.0; 18.0 [14.0; 0.351
dL) 23.0] 29.5] 23.5] 22.0] 23.8] 23.0]
Creatinine (mg/dL) 1.00 [0.80; 1.10 [0.80; 1.00 [0.80; 1.00 [0.80; 1.10 [0.90; 1.10 [0.88; 0.303
1.30] 1.35] 1.20] 1.20] 1.40] 1.33]
Sodium (mEq/L) 139 [137; 141] 139 [136; 141] 139 [137; 141] 139 [136; 142] 140 [138; 142] 139 [137; 141] 0.238
Potassium (mEq/L) 4.20 [3.80; 4.20 [3.90; 4.10 [3.90; 4.00 [3.70; 4.30 [3.90; 4.20 [3.80; 0.021
4.60] 4.80] 4.40] 4.40] 4.70] 4.50]
Calcium (mg/dL) 8.70 [8.30; 8.40 [7.97; 8.80 [8.40; 8.60 [8.15; 8.75 [8.10; 8.90 [8.50; 0.042
9.20] 8.70] 9.25] 9.10] 9.30] 9.20]
Medication
Calcium channel blocker 144 (42.7 %) 13 (41.9 %) 27 (50.0 %) 56 (47.5 %) 25 (32.1 %) 23 (41.1 %) 0.203
ACEI 126 (37.4 %) 15 (48.4 %) 26 (48.1 %) 41 (34.7 %) 27 (34.6 %) 17 (30.4 %) 0.194
ARB 38 (11.3 %) 4 (12.9 %) 9 (16.7 %) 14 (11.9 %) 3(3.85 %) 8 (14.3 %) 0.106
Beta-blocker 303 (89.9 %) 30 (96.8 %) 48 (88.9 %) 102 (86.4 %) 74 (94.9 %) 49 (87.5 %) 0.222
Analgesic 259 (76.9 %) 22 (71.0 %) 28 (51.9 %) 96 (81.4 %) 73 (93.6 %) 40 (71.4 %) <0.001
Management <0.001
Medical therapy 225 (66.8 %) 26 (83.9 %) 48 (88.9 %) 83 (70.3 %) 32 (41.0 %) 36 (64.3 %)
Endovascular 86 (25.5 %) 2 (6.45 %) 1 (1.85 %) 28 (23.7 %) 42 (53.8 %) 13 (23.2 %)
Surgery 25 (7.42 %) 3 (9.68 %) 5 (9.26 %) 6 (5.08 %) 4 (5.13 %) 7 (12.5 %)
Hybrid 1 (0.30 %) 0 (0.00 %) 0 (0.00 %) 1 (0.85 %) 0 (0.00 %) 0 (0.00 %)
Received ventilation 180 (53.4 %) 12 (38.7 %) 9 (16.7 %) 66 (55.9 %) 65 (83.3 %) 28 (50.0 %) <0.001
Received CRRT in ICU 32 (9.50 %) 4(12.9 %) 1 (1.85 %) 9 (7.63 %) 13 (16.7 %) 5(8.93 %) 0.045
Severity of illness score
SOFA 5.00 [2.00; 4.00 [3.00; 2.00 [1.00; 5.00 [2.25; 9.00 [6.00; 3.00 [2.00; <0.001
10.0] 7.00] 4.75] 10.0] 13.0] 8.25]
APSIIT 43.0 [31.0; 46.0 [37.5; 33.5 [25.0; 42.5 [33.0; 58.0 [42.2; 36.5 [24.8; <0.001
64.0] 62.0] 46.0] 63.2] 82.8] 53.2]
OASIS 34.0 [27.0; 34.0 [29.0; 28.0 [24.0; 34.5 [28.0; 41.0 [35.0; 29.5 [23.8; <0.001
40.0] 36.0] 32.8] 39.0] 46.0] 38.2]
SAPSII 37.0 [30.0; 38.0 [33.5; 31.0 [27.0; 38.0 [31.0; 40.5 [31.0; 32.5[23.0; <0.001
45.0] 44.0] 36.8] 48.0] 50.0] 42.0]
AKI in ICU 280 (83.1 %) 27 (87.1 %) 39 (72.2 %) 102 (86.4 %) 73 (93.6 %) 39 (69.6 %) 0.001
AKI Stages 0.483

(continued on next page)
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[ALL] Groupl Group2 Group3 Group4 Group5 P.
N = 337 N =31 N =54 N =118 N=78 N =56 overall
1 64 (22.9 %) 5 (18.5 %) 11 (28.2 %) 22 (21.6 %) 15 (20.5 %) 11 (28.2 %)
2 125 (44.6 %) 9 (33.3 %) 19 (48.7 %) 51 (50.0 %) 31 (42.5 %) 15 (38.5 %)
3 91 (32.5 %) 13 (48.1 %) 9(23.1 %) 29 (28.4 %) 27 (37.0 %) 13 (33.3 %)
Hospital LOS (hour) 267 (232) 283 (211) 216 (197) 250 (212) 358 (282) 215 (209) 0.001
ICU LOS (hour) 78.5 [43.9; 91.9 [34.9; 53.0 [32.1; 85.4 [47.8; 141 [56.2; 337]  66.6 [46.4; <0.001
160] 174] 88.6] 139] 117]

Qualitative data are presented as absolute frequencies and percentage n (%). Quantitative data are presented as mean (SD) or median (first to third
quartile).

Abbreviations: BMI = body mass index; SBP = systolic blood pressure; DBP = diastolic blood pressure; ACEI = angiotensin-converting enzyme in-
hibitor; ARB = angiotensin receptor blocker; SOFA = sequential organ failure assessment; APS III = acute physiology score III; OASIS = oxford acute
severity of illness score; SAPS II = simplified acute physiology score II; ICU = intensive care unit; LOS = length of stay.

Group 5 (high to moderate SBP with slight rebound; high but gradually declining DBP; slightly high HR, n = 56, 16.34 %): This
group displayed a similar SBP trend as seen in Group 2. However, unlike Group 2, the DBP gradually decreased from above 75 to 65
mmHg, and the HR showed a mild fluctuation around 80 bpm.

The basic characteristics of the 337 patients with AAD based on multi-trajectory groups are shown in Table 1. The median age was
higher in Group 1 (78.5 years, IQR 72.9, 82.3) and Group 3 (70.6 years, IQR 58.5, 78.8) compared to the other groups. There was also a
slight discrepancy in the distribution of race across the groups. Baseline BP and HR upon ICU admission varied between the trajectory
groups, highlighting higher SBP in Groups 1, 2, and 5, and higher HR in Groups 4 and 5. Groups 1, 2, and 5 shared a common
characteristic - patients exhibited high volatility in SBP (high, declined, then rebound).

Treatment characteristics varied among the 5 groups. A majority of the individuals in Group 1, 2, and 3 underwent medical therapy
alone (83.9 %, 88.9 %, and 70.3 % respectively), while individuals in Group 4 received more endovascular repair treatments.
Regarding medication usage, our analysis revealed no significant differences in the use of ACEI, ARB, CCB, and beta-blockers among
the different groups, indicating a generally uniform approach to managing BP and HR across the groups. However, a notable variation
was observed in the usage rates of analgesics between the groups, with particularly higher rates in Group 3 and Group 4. This
discrepancy suggests differing pain management strategies among the groups. Furthermore, significant differences emerged between
the trajectory groups concerning SOFA, APS III, OASIS, and SAPS II scoring systems. All scores for Group 4 were markedly the highest,
followed by those of Group 3, indicating a more critical state of health in Group 4 upon ICU admission.

Notably, the incidence of acute kidney injury (AKI) was more prevalent in Group 4 than in the other groups, implying that Group 4
received more aggressive treatment. For instance, they had a significantly higher rate of receiving mechanical ventilation (83.3 %) and
CRRT (16.7 %) compared to the other groups (p < 0.05). This group also exhibited the longest durations for both hospital stay and ICU
stay.

3.1. Outcomes

Over the course of a 1-year follow-up period, a total of 70 all-cause deaths were recorded. KM analysis plotted the survival
probabilities for each trajectory group, as shown in Fig. 3. Patients in Group 3 demonstrated the lowest mortality rate, while patients in
Group 1 exhibited the highest. Notably, Log-rank tests indicated a significant difference in survival probability between groups (p =
0.047).

Appendix Table S2 provides hazard ratios and 95 % confidence intervals (CI) for the association between trajectory groups and

Kaplan—Meier survival estimates

o
(S
o
—_ O 4
g
5 |
® o
>
=]
&=
E S -
08
o log-rank test P =0.047
o
o
o T T T T T
0 100 200 300 400
Follow-up/Days
Group =1 Group =2
Group =3 Group = 4
Group =5

Fig. 3. Kaplan-Meier curves with five different trajectories groups.
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mortality. When compared with the reference group (Group 1), the crude hazard ratios (95 % CI) for Group 3 were 0.38 (0.17, 0.83).
Even after adjusting for potential confounders, Group 3 maintained its positive association with a reduced risk of mortality. Specif-
ically, in Model 2 and Model 3, the hazard ratio and 95 % CI of mortality in Group 3 were recorded as 0.39 (0.17-0.89) and 0.32
(0.14-0.74), respectively.

RR and 95 % CI estimated using log-binomial regression or poisson regression with robust variance estimator is provided in Table 2.
Using Group 1 as the reference, the persistently moderate group (Group 3) showed significantly lower RR of in-hospital mortality, 30-
day mortality, and 1-year mortality, with adjusted RR values of 0.37 [95 % CI, 0.15-0.87], 0.25 [95 % CI, 0.10-0.62], and 0.41 [95 %
CI, 0.22-0.79], respectively, regardless of whether covariates were included in the model or not. After adjusting for all confounding
factors, Group 4 also had lower in-hospital mortality and 30-day mortality than Group 1, with adjusted RR values of 0.42 [95 % CI,
0.18-0.99] and 0.40 [95 % CI, 0.17-0.91], respectively. Similar results were obtained from logistic regression, as shown in
Appendix Table S3.

Results from our sensitivity analyses, which included additional adjustments for the use of analgesics and a comprehensive range of
medications (analgesics, ACEI, ARB, CCB, f-Blocker) in Cox regression analyses, were largely consistent with our main findings.
Specifically, even after accounting for variability in analgesic use and adjusting for all medications, the prognosis for Group 3 within
the multi-trajectory analysis remained most favorable (see Supplementary Table S4 for detailed statistics).

Univariate trajectory groups for SBP, DBP, and HR defined by GBTM separately are presented in the Appendix (Fig. S1). Notably,
within these trajectory groups, only the DBP trajectory groups demonstrated a statistically significant correlation with patient
prognosis, as evidenced by Appendix Tables S5-S7. The DBP trajectories for the second and third groups exhibited a marked decrease,
ranging from 67 to 52 mmHg. This trend was paralleled in the DBP trajectory observed within Group 3 of the multi-trajectory analysis,
suggesting these specific groups may be indicative of a more favorable prognosis.

The time-independent C-index curve, presented in Fig. 4, elucidates that the multi-trajectory groups afford a more substantial
prognostic contribution compared to any of the univariate trajectory groups or baseline SBP, DBP, and HR measurements obtained at
admission.

4. Discussion

In this longitudinal study, we identified five distinct multi-trajectory groups, based on SBP, DBP, and HR, that correlated with the
prognosis of AAD. Primarily, our results showed that patients in Group 3, characterized by a persistently moderate BP and HR over the
24 h post-ICU admission, demonstrated the lowest risk of all-cause mortality. This included in-hospital mortality, 30-day mortality,
and 1-year mortality, independent of factors such as age, gender, SOFA score, and treatment program, among others.

Indeed, while previous studies have explored the association of SBP, DBP, or HR with AAD prognosis, it is noteworthy that our
study is the first to jointly explore the trajectories of SBP, DBP, and HR as a unified whole. In comparison with BP and HR at single time
points, these trajectories can offer further insights into patients’ response to treatment and provide dynamic information.

Our GBMTM analysis may suggest a composite phenotype as an indicator of AAD patients’ prognosis. The results of this study
propose that maintaining stable control of SBP at around 110 mmHg, DBP at around 55 mmHg, and HR at around 75 bpm could
contribute to reducing mortality in critically ill patients with AAD. In our view, this is the most significant finding of our study.
Furthermore, the multiple trajectories in Group 3 could serve as a potential target for BP and HR management in patients with AAD
within the initial 24 h of ICU admission, thereby providing a valuable reference for physicians.

Current guidelines recommend a target SBP lower than 120 mmHg or 100-120 mmHg [4,17,18]. However, these recommendations
are mainly based on early animal experiments and a few single-center retrospective studies (level of evidence: C). Our results are
consistent with these recommended threshold values for SBP, but we narrow the threshold further to about 110 mmHg and emphasize
the crucial role of stable and steady BP control. Most studies on BP related to AAD have focused on SBP, and many of them are based on
admission SBP [7,19,20], whether patients received intensive SBP control [21], and some analyzed SBP variability [22], circadian
rhythms [23], and changing patterns [15], taking into account the time factor to some extent. Fewer studies have reported on DBP in

Table 2
Relative risk (RR) of multi-trajectory groups on in-hospital mortality, 30-day mortality, and 1-year mortality.
Groupl Group2 Group3 Group4 Group5

In-hospital mortality
Modell 1[Reference] 0.57(0.20-1.63); P = 0.30 0.39(0.15-1.02); P = 0.06 0.66(0.26-1.67); P = 0.38 1.01(0.42-2.48); P = 0.97
Model2 1[Reference] 0.59(0.21-1.64); P = 0.31 0.34(0.13-0.87); P = 0.02 0.61(0.24-1.53); P = 0.29 1.17(0.47-2.89); P = 0.73
Model3 1[Reference] 1.02(0.42-2.46); P = 0.97 0.37(0.15-0.87); P = 0.02 0.42(0.18-0.99); = 0.05 1.64(0.74-3.62); P = 0.22
30-day mortality
Modell 1[Reference] 0.36(013-1.00); P = 0.05 0.26(0.11-0.64); P = 0.003 0.55(0.24-1.23); P = 0.14 0.76(0.34-1.69); P = 0.50
Model2 1[Reference] 0.40(0.14-1.12); P = 0.08 0.25(0.10-0.62); P = 0.003 0.59(0.27-1.29); P = 0.19 1.02(0.46-2.28); P = 0.96
Model3 1[Reference] 0.56(0.21-1.49); P = 0.24 0.25(0.10-0.62); P = 0.003 0.40(0.17-0.91); P = 0.03 1.26(0.60-2.63); P = 0.54
1-year mortality
Modell 1[Reference] 0.69(0.34-1.41); P = 0.31 0.42(0.21-0.83); P = 0.01 0.64(0.32-1.24); P = 0.19 0.89(0.46-1.71); P = 0.72
Model2 1[Reference] 0.75(0.37-1.55); P = 0.44 0.41(0.20-0.81); P = 0.01 0.68(0.34-1.36); P = 0.28 1.11(0.57-2.16); P = 0.76
Model3 1[Reference] 1.05(0.53-2.06); P = 0.90 0.41(0.22-0.79); P = 0.01 0.55(0.27-1.11); P = 0.10 1.30(0.69-2.43); P = 0.42

Model 1, no adjustment; Model 2 adjusted for age, gender, and race; Model 3 adjusted for BMI, diabetes, hypertension, SOFA score, AD location, and
management based on Model 2.
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Fig. 4. Time-dependent C-index curves for different indicators.

aortic dissection. A previous study reported that DBP on admission is associated with 24-month aortic-related adverse events, but an
appropriate range of values was not given [24]. In our study, the DBP trajectory of Group 3 trended from about 62 mmHg to 52 mmHg,
congruent with the target BP that aims to maintain a systolic pressure below 120 mm Hg or mean pressure below 80 mmHg [1].

The goal of HR control therapy for AAD patients has different standards due to the lack of definite clinical evidence. The Chinese
national expert consensus recommends an HR target of 60-80 bpm [17], which differs from the strict target of 60 bpm in the AHA
guidelines [18], while some investigators adopt a target of less than 70 bpm [5]. Our study suggests that a stable HR of around 75
achieves better prognosis, falling within the recommended range by the Chinese guidelines. Some retrospective studies with small
sample sizes have shown better prognosis for patients with an HR of 70-80 bpm [25,26], although due to the small sample size, a
significant conclusion cannot be made. Further prospective studies with large sample sizes are necessary for HR control.

GBMTM has been successfully employed to concurrently estimate the developmental trajectories of other related indicators, such as
lipid indices (including low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides) [27], as well as
identify trajectories based on ultrasound measures of fetal growth (concurrent head circumference, abdominal circumference, and
femur length measures) [28]. In the intensive care unit, there are numerous continuous monitoring time series data. We believe that
the GBMTM method can be extended to other monitoring indicators of various diseases, providing a comprehensive description of
similar correlation indicator trajectories.

In this study, we jointly analyzed three important vital signs (SBP/DBP/HR) as a whole and characterized the patients into five
different trajectory groups over time (hours) by GBMTM. The association between grouping and prognosis was robust to various types
of adjustment and consistent across different statistical methods. Our sensitivity analyses, which adjusted for the use of analgesics and
a comprehensive range of medications, including ACEI, ARB, CCB, and p-Blockers, confirmed the robustness of our primary findings.
Notably, the consistently favorable prognosis in Group 3, even under varied treatment regimens, highlights the robustness of our main
conclusions against potential confounding factors related to BP and HR management strategies. This consistency suggests that while
individual medication choices might vary, the overall treatment effect within our identified trajectory groups remains a significant
predictor of outcomes in AAD patients.

Univariate (DBP) trajectory groups defined by GBTM also showed a different risk of death. However, compared with univariate
trajectory grouping, multi-trajectory grouping jointly assesses the level and trajectory of SBP, DBP, and HR, providing more
comprehensive information for monitoring vital signs. The time-independent C-index curve further substantiated that the multi-
trajectory groups had a higher C-index than any of the univariate trajectory groups or baseline measurements of SBP, DBP, and
HR. This finding underscores the importance of dynamic monitoring of multiple indicators. The enhanced predictive capability of this
multivariate trajectory analysis offers a more nuanced and comprehensive understanding of patient prognosis.

One of the key strengths of our study is the application of GBMTM in cohorts with repeated measurements of SBP, DBP, and HR,
which enabled us to delineate common temporal patterns of multiple related parameters. This approach allowed us to view the three
measures as a unified entity, thereby identifying the distinct trajectory subgroups that influence the risk of patient mortality. The
identified trajectories of this study build upon the results from previous studies that have examined the factors separately at specific
time points, and provide comprehensive dynamic information.

However, this study has some limitations. Firstly, being a single-center retrospective study, it may exhibit selection and observation
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biases, potentially affecting the generalizability of the findings. Secondly, although a wide range of mortality predictors for AAD
patients have been identified—including, but not limited to, a history of aortic valve replacement, migrating chest pain, hypotension,
shock, tamponade, as well as various preoperative conditions and biochemical markers—our dependence on publicly available da-
tabases imposed significant limitations. Specifically, these constraints prevented access to comprehensive data on patient symptoms,
signs, and key biomarkers like D-dimer and C-reactive protein, leading to a considerable amount of missing information. Furthermore,
the relatively small sample size limited our ability to include a more extensive set of covariates in our analysis [29,30]. To account for
these limitations, the covariates included the SOFA score as a comprehensive indicator to indirectly evaluate key functions across
several systems, including respiratory, cardiovascular, hepatic, coagulation, renal, and neurological systems. Additionally, we
leveraged multiple statistical methodologies to estimate hazard rates, odds ratios (OR), and RR, and we meticulously adjusted for
covariates at varying levels in multivariate analyses to enhance the robustness and reliability of our findings. Thirdly, GBTM and other
trajectory analysis methods may not always accurately delineate individual trajectories, leading to potential misclassification [31,32].
The groups identified through GBTM are based on probabilistic assignments, which might introduce an unquantifiable level of un-
certainty into regression analyses. Furthermore, non-identifiability presents another concern, as GBTM assigns group membership
based on models that may lack sufficient generalization, potentially weakening the estimates of relationships between trajectories and
outcomes [33]. GBMTM exacerbates these challenges by necessitating substantial data for model training and complicating the
interpretation of multiple trajectory groups. These concerns are not exclusive to GBTM but are inherent in latent class modeling.
Exploring various trajectory modeling techniques to confirm our results is highly recommended.

Our findings highlight the need for future multi-center, prospective studies with larger sample sizes to validate these results and to
further investigate the optimal control strategies for BP and HR in AAD patients in the ICU.

5. Conclusions

Using the GBMTM approach, data-driven observations may help identify subphenotypes of AAD patients. The combined trajectory
of SBP, DBP, and HR within 24 h of ICU admission had an impact on in-hospital mortality, 30-day mortality, and 1-year mortality. The
findings can contribute to developing better care for AAD patients in ICU.
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MIMIC the Medical Information Mart for Intensive Care
GBTM  group-based trajectory modelling
GBMTM group-based multi-trajectory modeling
ICD International Classification of Diseases
SQL Structured query language
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CRRT continuous renal replacement therapy
SOFA Sequential Organ Failure Assessment
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SAPSII Simplified Acute Physiology Score II

AKI acute kidney injury
RR relative risks

ICU intensive care unit
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TEVAR thoracic endovascular aortic repair

OR
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