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Abstract

Background Postoperative pulmonary complications increase morbidity and mortality after coronary artery bypass
grafting (CABG). Lung ultrasound detection of B-lines is an established method to quantify pulmonary congestion,
and while B-lines have been studied as predictive markers in heart failure and general critical care settings, their role in
predicting outcomes specifically for post-CABG patients remains inadequately defined. This study aimed to evaluate
the association between B-lines detected on postoperative lung ultrasound and 30-day mortality and hospital length
of stay in patients undergoing isolated CABG.

Methods This prospective cohort study was conducted in a single-center intensive care unit between 2023 and
2024. A total of 148 adult patients scheduled for elective CABG were enrolled. Lung ultrasound was performed on
postoperative days 1 (POD1) and 3 (POD3) using a standardized 8-zone protocol to quantify B-lines. The primary
outcomes were all-cause 30-day mortality, assessed via hospital records and telephone follow-up, and total hospital
length of stay. Univariate and multivariate logistic and linear regression analyses were used to identify predictors.

Results The mean patient age was 60.15 + 9.8 years, and 57% were male. Within 30 days, 22 patients (15%) died.

In the multivariate logistic regression, the number of B-lines on POD1 was an independent predictor of 30-day
mortality (Adjusted Odds Ratio: 1.090, 95% Cl: 1.018-1.167, p=0.013), indicating a 9% increase in the odds of death
for each additional B-line. In contrast, the B-line count on POD3 was not significantly associated with mortality. B-line
counts on both days were also not associated with hospital length of stay. Instead, higher body mass index (3=0.22,
p=0.022) and a history of smoking (3 =2.20, p=0.020) were independently associated with longer hospitalization.

Conclusions Early postoperative pulmonary congestion, as quantified by B-lines on POD1 lung ultrasound, is an
independent predictor of 30-day mortality after CABG. Routine bedside lung ultrasound on the first day after surgery
can serve as a non-invasive tool to stratify high-risk patients, potentially allowing for earlier intervention to optimize
fluid status and improve outcomes.
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Background

Postoperative pulmonary complications are a major con-
tributor to morbidity, mortality, and healthcare burden
among surgical patients, particularly those undergoing
cardiothoracic procedures. Early identification of pul-
monary congestion in the postoperative period is crucial
for optimizing fluid management and preventing adverse
outcomes. Lung ultrasound (LUS) has gained increas-
ing attention as a non-invasive, bedside imaging modal-
ity capable of detecting pulmonary edema through the
identification of B-lines—vertical, hyperechoic artifacts
originating from the pleural line that move with respira-
tion and extend to the bottom of the ultrasound screen
without fading [1].

B-lines are well-established markers of interstitial
edema and extravascular lung water. In mechanically
ventilated ICU patients, Anile etal. demonstrated a
significant correlation between the number of B-line—
positive lung quadrants and extravascular lung water
measured by transpulmonary thermodilution (p=0.61;
p<0.01) [2]. Sakamoto et al. further reported that B-line
count correlates strongly with left ventricular filling pres-
sures (r=0.69; p<0.001), and that incorporating B-lines
into the ASE/EACVI diagnostic algorithm improved
specificity for detecting elevated filling pressures [3].
Similarly, Imanishi et al. found that residual B-lines (>6)
at discharge predicted adverse outcomes in heart failure
patients, including an increased risk of hospitalization
[4].

The utility of B-lines extends into the postoperative set-
ting as well. Rezende et al. recently demonstrated that
elevated B-line scores within 24 h of pediatric cardiac
surgery were significantly associated with extubation
failure and prolonged mechanical ventilation, suggest-
ing that early lung ultrasound assessment can effectively
stratify respiratory risk in congenital heart disease
patients. Their findings support the role of LUS in detect-
ing postoperative pulmonary edema and guiding clinical
decision-making in the immediate recovery phase [5].

In adult cardiac surgery populations, lung ultrasound
has also shown potential utility. Charoenitthikun et
al. investigated the relationship between B-line scores
and pulmonary artery pressures in 32 patients who had
undergone cardiac surgery, including 28 who received
coronary artery bypass grafting (CABG). Their findings
revealed statistically significant, though modest, correla-
tions between B-line scores and mean pulmonary artery
pressure (R*=0.36; p<0.001), systolic PAP (R®=0.20;
p=0.01), and diastolic PAP (R*=0.10; p = 0.03). Moreover,
this study did not assess associations between B-lines and
clinical outcomes such as mortality or length of hospital
stay [6].

Therefore, while the application of B-lines has been
extensively studied in heart failure and critical care
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settings, their role as predictive biomarkers for early post-
operative outcomes—particularly in CABG patients—
remains inadequately defined. Existing studies are limited
in scope, sample size, or are not specifically focused on
CABG populations. Given the high incidence of fluid
overload, transfusion requirements, and pulmonary com-
plications following CABG, early, non-invasive mark-
ers of pulmonary congestion are of considerable clinical
importance.

Our study aims to address this gap by prospectively
evaluating the prognostic value of B-lines detected via
postoperative lung ultrasound in predicting 30-day
all-cause mortality and hospital length of stay among
patients undergoing isolated CABG. By focusing on this
specific surgical cohort, we seek to determine whether
lung ultrasound can provide actionable insights for early
risk stratification and improved postoperative care.

Methods

Study design and setting

This prospective cohort study was conducted in the
Open Heart Intensive Care Unit (ICU) of Shariati Hospi-
tal, Tehran, Iran, between 2023 and 2024. All procedures
were performed off-pump (without cardiopulmonary
bypass). The study aimed to evaluate the prognostic value
of B-lines detected via lung ultrasound in predicting
short-term outcomes, specifically 30-day mortality and
hospital length of stay, among patients undergoing coro-
nary artery bypass grafting (CABG).

Study population

Patients aged 18-80 years scheduled for elective CABG
surgery were consecutively screened for eligibility. Exclu-
sion criteria included a history of structural pulmonary
disease (e.g., emphysema, pulmonary fibrosis, or pri-
mary/metastatic lung malignancies), pregnancy, prior
cardiac surgery requiring redo sternotomy and peri-
operative myocardial infarction. A total of 157 eligible
patients were enrolled following informed consent. Of
these, 9 patients (5.7%) were lost to follow-up despite
repeated contact attempts and were excluded from the
dataset prior to any analysis, resulting in a final analytic
sample of 148 patients. No imputation was applied to
lost-to-follow-up cases.

Data collection

Demographic information (age, sex, body mass index
[BMI], smoking history), past medical history (e.g.,
hypertension, diabetes, chronic kidney disease), and
baseline laboratory data (serum creatinine) were col-
lected from medical records and direct interviews. Pre-
operative left ventricular ejection fraction (EF) was
obtained from routine transthoracic echocardiography
conducted by cardiology specialists.
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Lung ultrasound protocol

Postoperative lung ultrasound was performed on postop-
erative days 1 (POD1) and 3 (POD3) by a single board-
certified anesthesiologist with ICU fellowship training,
using a standardized 8-zone protocol. The 8 zones com-
prised the anterior and lateral chest wall bilaterally,
each divided into upper and lower regions. B-lines were
counted in each zone and summed to generate a total
B-line score. A phased array (cardiac) probe was used for
all examinations. All examinations were performed by
the same operator throughout the study period, ensuring
consistency and rendering inter-observer variability not
applicable to this study design.

Telephone follow-up protocol

Thirty-day postoperative mortality was assessed through
a structured telephone follow-up protocol. Research staff
collected up to three contact phone numbers from each
patient or their close relatives before discharge. Follow-
up calls were placed up to seven times per patient at
various times: four attempts on non-holiday weekdays
(10:00-18:00), followed by three additional attempts
including weekends and holidays (09:00-19:00). If con-
tact could not be established after all seven attempts, the
patient was classified as lost to follow-up. A total of 9
patients (5.7%) were lost to follow-up.

Outcome measures

Primary outcomes were all-cause mortality within 30
days postoperatively and the total length of hospital
stay (from surgery until discharge). Mortality status
was determined via hospital records or verified through
telephone follow-up. Mortality was defined as all-cause
death.

Statistical analysis

Continuous variables were expressed as mean + standard
deviation (SD), and categorical variables as frequencies
and percentages. Univariate logistic regression was used
to explore associations with 30-day mortality, while uni-
variate linear regression assessed predictors of hospital
length of stay.

For multivariable models, we selected predictors based
on both clinical relevance and statistical criteria. For
1-month mortality, POD1 B-lines, age, and sex dem-
onstrated relatively low p-values in univariate analysis.
Therefore, POD1 B-lines (primary variable of interest),
preoperative EF (established prognostic factor), age (uni-
versal risk factor), and sex (based on known sex-based
differences in CABG outcomes) were included in the
multivariate logistic regression model.

Covariate selection was guided by both clinical rel-
evance and univariate screening. All available clini-
cal variables — including creatinine, diabetes, COPD,
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hypertension, and prior heart failure — were tested in
univariate analysis.

For length of hospital stay, BMI and smoking history
were selected due to their significance in univariate anal-
ysis and supporting literature. Preoperative EF, although
not statistically significant, had a relatively low p-value
suggestive of potential clinical relevance. POD1 B-lines
were also included as the primary variable of interest.

Results of regression models are presented as odds
ratios (OR) or beta coeflicients (B) with corresponding
95% confidence intervals (CI). Statistical significance was
defined as p<0.05. All analyses were performed using
SPSS version 27 (IBM Corp., Armonk, NY).

Ethical considerations

The study protocol was approved by the Ethics Commit-
tee of Tehran University of Medical Sciences (Approval
ID: IR TUMS.SHARIATIL.REC.1402.148). Written
informed consent was obtained from all patients or their
legal representatives. All lung ultrasounds and laboratory
tests were provided free of charge. Patient confidentiality
was maintained, and all data was anonymized for analysis
and reporting.

Results

Demographic and clinical characteristics

A total of 148 patients were included in this study. The
mean age was 60.15+9.8 years, indicating a predomi-
nantly middle-aged to elderly population. The mean body
mass index (BMI) was 24.72+5.1 kg/m?, falling within
the normal to overweight range.

Lung ultrasound on POD1 showed a mean of
19.01+7.9 B-lines, which decreased to 11.76+7.7 by
POD3, suggesting a marked reduction following initial
treatment. The mean preoperative left ventricular ejec-
tion fraction (EF) was 44.7% + 8.8, reflecting moderate
left ventricular systolic function. 30 patients (20.3%) had
severely reduced EF (<35%).

Comorbid conditions were prevalent across the cohort.
Hypertension was the most common (84%), followed
by diabetes mellitus (51%), a history of smoking (35%),
chronic obstructive pulmonary disease (16%), and hypo-
thyroidism (9%). Chronic kidney disease (CKD) was
present in 7% of patients, with 5% having progressed to
end-stage renal disease (ESRD). Hyperlipidemia was
reported in 7% of the study population. In terms of sex
distribution, 57% of patients were male and 43% were
female.

These findings are summarized in Table 1.

Association between clinical factors and 30-day mortality

Within 1 month after surgery, 22 patients (15%) died. All
deaths occurred during the index hospitalization; there
were no post-discharge deaths within the 30-day window
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Table 1 Baseline demographic and clinical characteristics of the
study population
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Table 2 Univariate logistic regression analysis of factors
associated with 30-day mortality

Variable Mean +SD or n (%)
Age (years) 60.15+9.8
BMI (kg/m?) 2472451
B-Lines POD1 (count) 19.01+79
B-Lines POD3 (count) 11.76+7.7
Pre-Op EF (%) 44.70+8.8
Cr (mg/dL) 1.14+0.73
Severely reduced EF (<35%) Yes 30 (20.3%)
No 118 (80%)
Prior Heart Failure Yes 30 (20%)
No 118 (80%)
Sex Male 85 (57%)
Female 63 (43%)
Smoker Yes 52 (35%)
No 96 (65%)
HTN Yes 124 (84%)
No 24 (16%)
DM Yes 75 (51%)
No 73 (49%)
COPD Yes 24 (16%)
No 124 (84%)
Hypothyroidism Yes 13 (9%)
No 135 (91%)
CKD Yes 10 (7%)
No 138 (93%)
HLP Yes 10 (7%)
No 138 (93%)
ESRD Yes 8 (5%)
No 140 (95%)

Values are presented as mean+SD or n (%). BMI=body mass index;
EF =ejection fraction; CKD=chronic kidney disease; ESRD=end-stage renal
disease; COPD=chronic obstructive pulmonary disease; HLP =hyperlipidemia;
Cr=creatinine.

among patients who were successfully contacted. Uni-
variate logistic regression was used to assess associations
between clinical variables and 30-day mortality.

The number of B-lines on POD1 was significantly asso-
ciated with increased risk of 30-day mortality (OR: 1.091,
95% CI: 1.023-1.162, p=0.008). Older age showed a
trend toward higher mortality (OR: 1.046, 95% CI: 0.997—
1.099, p =0.069), approaching statistical significance.

Male sex was associated with lower odds of death com-
pared to females (OR: 0.433, 95% CI: 0.171-1.094), and
this finding was also close to the significance threshold
(p=0.077).

Other variables—including BMI, B-lines on POD3, pre-
operative EF, creatinine, prior heart failure, and smoking
status—did not show statistically significant associations
with 30-day mortality. These findings are summarized in
Table 2.

In the multivariate logistic regression model, which
included age, B-lines on PODI, preoperative EF, and
sex, the number of B-lines on PODI1 remained an

Variable 1-Month Mortality OR P-value
Yes No (95%C1)
Age (years) 63.77+114 5959+93 1.046 0.069
(0.997
-1.099)
BMI (kg/mz) 255459 24455 1.041 0.361
(0.956—
1.133)
B-Lines POD1 (count) 2341+6.1 1847+78 1.091 0.008*
(1.023—
1.162)
B-Lines POD3 (count) 1091+6.1  11.88+7.9 0983 0.582
(0.923—
1.046)
Pre-Op EF (%) 4159+99 4496+86 0.959 0.106
(0911—
1.009)
Cr (mg/dL) 129+£0.792 1.11+£069 1.349 0.276
(0.787—
2.314)
Prior Heart  Yes 7 (32%) 23 (20%) 1.907 0.209
Failure No 15(68%)  94(80%) (0.697—
5.218)
Sex Male 9 (41%) 72 (62%) 0433 0.077
Female 13 (59%) 4538%) (0.171—
1.094)
Smoker Yes 6 (27%) 42 (36%) 0670 0.437
No 16 (73%) 75 (64%)  (0.244—
1.841)

Values represent odds ratios (OR) with 95% confidence intervals (Cl) and
corresponding p-values. EF=ejection fraction; Cr=creatinine; HF=heart
failure. * indicates p <0.05.

Table 3 Multivariate logistic regression analysis of factors
associated with 30-day mortality

Variable Adjusted OR (95% Cl) P-value
Age 1.040 (0.988 - 1.095) 0.137
B-Lines POD1 1.090 (1.018 - 1.167) 0.013*
Pre-Op EF 0.978 (0.926 — 1.032) 0410
Male Sex 0.521(0.195 - 1.393) 0.194

Adjusted odds ratios (aOR) with 95% Cl are presented from a logistic regression
model including age, sex, preoperative EF, and B-lines on POD1. EF =ejection
fraction. * Indicates p < 0.05.

independent predictor of 30-day mortality (adjusted OR:
1.090, 95% CI: 1.018-1.167, p=0.013). This indicates that,
even after adjusting for other clinically relevant factors,
each additional B-line on POD1 was associated with a 9%
increase in the odds of mortality within 30 days.

None of the other variables in the adjusted model
reached statistical significance. These findings are sum-
marized in Table 3.

Factors associated with length of hospital stay
The mean length of hospital stay was 11.31+5.14 days,
indicating notable variability across the study population.
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This variation reflects the diverse postoperative recovery
trajectories among patients undergoing CABG.

Univariate linear regression analysis showed that
higher BMI was significantly associated with longer hos-
pitalization ($=0.193, p=0.037), and smokers stayed on
average about 2 days longer than non-smokers (f =2.087,
p=0.029). These findings suggest that both increased
body mass index and smoking history may contribute to
prolonged postoperative recovery.

Additionally, preoperative EF (=0.089, p=0.102) and
history of heart failure (= -2.148, p=0.070) were not
statistically significant but were close to the threshold,
suggesting potential clinical relevance that may warrant
further investigation.

Other variables, including age and B-lines on POD1
or POD3, were not significantly associated with hospital
length of stay. These findings are summarized in Table 4.

In the multivariate linear regression model, smoking
status (p=2.20, p=0.020) and BMI ($=0.22, p=0.022)
remained independently associated with longer hospital
stay. Preoperative EF and B-lines on POD1 were not sta-
tistically significant predictors in the adjusted analysis.
These findings are summarized in Table 5.

Discussion

Principal findings and comparison with prior studies

In this prospective cohort of post-CABG patients, we
found that the extent of pulmonary congestion on lung
ultrasound — quantified by B-line counts on POD1 — was
significantly associated with short-term mortality. Each
additional B-line on POD1 conferred an approximately
9% increase in the odds of 30-day mortality (adjusted
OR =1.09, p=0.013). By contrast, B-line counts did not
significantly correlate with hospital length of stay in sur-
vivors, whereas patient-related factors (notably higher
body mass index and active smoking status) were inde-
pendently associated with prolonged hospitalization.
These findings suggest that early postoperative B-lines
capture a specific risk phenotype (acute cardiopulmo-
nary decompensation leading to early mortality) distinct
from factors that drive protracted recovery. Indeed, our
observation that obesity and smoking correlate with lon-
ger stays is consistent with prior studies linking elevated
BMI and tobacco use to slower postoperative recovery
and complications after cardiac surgery [7, 8].

Our results extend the growing evidence that point-
of-care lung ultrasound can serve as an early risk strati-
fication tool in surgical patients. Previous research in
non-cardiac surgery has shown that immediate postop-
erative LUS findings in the PACU/ICU correlate with
the development of pulmonary complications [9]. Until
recently, however, it was unclear whether such ultra-
sound metrics could prognosticate outcomes in cardiac
surgical patients [9]. Fan et al. (2024) addressed this
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Table 4 Univariate linear regression analysis of factors associated
with length of hospital stay

Variable B (SE) P-value
Age 0.007 (0.049) 0.881
BMI 0.193 (0.091) 0.037%
B-Lines POD1 -0.038 (0.059) 0.519
B-Lines POD3 0.000 (0.058) 0.994
Pre-Op EF 0.089 (0.054) 0.102
Cr -0.762 (0.692) 0.273
Prior Heart Failure -2.148 (1.176) 0.070
Sex 0.751(0.949) 0430
Smoker 2.087 (0.945) 0.029%

Values represent unadjusted 3 coefficients with standard errors (SE) and
p-values. EF=ejection fraction; Cr=creatinine; HF =heart failure. * Indicates
p<0.05.

Table 5 Multivariate linear regression analysis of factors
independently associated with length of hospital stay

Variable B (SE) P-value
BMI 0.215(0.093) 0.022*
B-Lines POD1 0.004 (0.059) 0.953
Pre-Op EF 0.079 (0.053) 0.140
Smoker 2.198 (0.934) 0.020*

Adjusted B coefficients with SE and p-values are presented from a linear
regression model including BMI, smoking status, preoperative EF, and B-lines
on POD1. EF=ejection fraction. * Indicates p < 0.05.

in a cohort of cardiac surgery patients, demonstrating
that certain LUS abnormalities — notably pleural effu-
sions>0.95 cm and multiple consolidations — indepen-
dently predicted 30-day pulmonary complications [9].
Our study complements and goes beyond those findings
by focusing on B-lines as an index of pulmonary edema
and showing for the first time that early postoperative
B-line burden is linked to increased 30-day mortality
after CABG. This aligns with evidence from heart failure
and critical care populations: in acute decompensated
heart failure, a high B-line count signals residual pulmo-
nary congestion and portends higher mortality [10, 11],
and in cardiogenic shock patients, failure to clear B-lines
within 24 h is associated with worse 30-day survival [12].

Even in pediatric cardiac surgery, a higher B-line score
on POD1 has been strongly associated with extubating
failure and prolonged ventilation [5], underscoring that
extensive B-lines reflect clinically significant pulmo-
nary edema across patient populations. Taken together,
the literature corroborates our principal findings: early
postoperative B-lines on lung ultrasound are a meaning-
ful prognostic marker. The lack of association between
B-lines and length of stay in our data does not contradict
this, but rather suggests that B-lines specifically identify
patients at risk of acute, life-threatening complications
(e.g. fulminant heart failure or acute respiratory dis-
tress) rather than those prone to a slower recovery per
se. Patients who survived the initial critical period tended
to have hospital stays determined by other factors (such
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as obesity or smoking-related pulmonary morbidity),
whereas B-line counts distinguished those at risk of not
surviving the postoperative course.

The observed 30-day mortality rate of 15% warrants
contextual interpretation. Shariati Hospital is a large
governmental university teaching hospital affiliated with
Tehran University of Medical Sciences, serving approxi-
mately 35,000 inpatients and 50,000 emergency visits
annually. As one of the primary publicly funded refer-
ral centers in Tehran, it serves patients with complex,
advanced, and often undertreated diseases, many of
whom carry substantially higher perioperative risk than
typical low-risk elective cohorts reported in Western lit-
erature. The elevated mortality rate should therefore be
interpreted within this institutional and healthcare con-
text, rather than as a reflection of procedural quality.
Importantly, it also provides the outcome variation nec-
essary to evaluate B-lines as a prognostic marker — the
primary analytical aim of this study.

The multivariable model warrants further explanation.
With only 22 mortality events, the events-per-variable
(EPV) ratio imposed a strict limit on model complex-
ity — the widely accepted rule of thumb being approxi-
mately one variable per 10 events. Covariate selection
was therefore guided by both clinical relevance and uni-
variate screening; all available clinical variables includ-
ing creatinine, diabetes, COPD, hypertension, and prior
heart failure were tested in univariate analysis, and those
not included in the final model returned uniformly high
p-values. Including additional covariates beyond the EPV
threshold would risk overfitting and produce unstable,
unreliable estimates. We also acknowledge that several
potentially important variables — including bypass dura-
tion, number of grafts, postoperative vasoactive require-
ment, fluid balance, transfusion exposure, and duration
of mechanical ventilation — were not collected in our
study protocol, which limits the scope of adjustment and
represents an important consideration for interpreting
our findings.

The final model included four covariates against 22
events, yielding an events-per-variable ratio of approxi-
mately 5.5 — which, while below the ideal threshold of
10, reflects a deliberate effort to balance clinical relevance
with statistical parsimony given the available data.

Clinical implications

Our findings have important clinical implications for
postoperative management and risk stratification in
cardiac anesthesia and intensive care. Lung ultrasound
is a non-invasive, bedside technology that provides a
real-time window into pulmonary status, offering rapid
and accurate detection of pulmonary edema without
exposing patients to ionizing radiation [5]. Integrat-
ing a simple 8-zone lung ultrasound exam into routine
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postoperative care could enable anesthesiologists and
intensivists to identify high-risk patients early. A patient
with an abnormally high B-line count on PODI1 after
CABG should prompt heightened vigilance and possibly
proactive intervention. For instance, marked B-line pro-
liferation (signifying diffuse extravascular lung water)
might warrant prompt optimization of fluid manage-
ment (e.g. diuresis or fluid restriction) and a thorough
evaluation for cardiac dysfunction or incipient heart
failure. It is noteworthy that traditional monitoring can
underestimate subclinical pulmonary congestion; one
study in acute heart failure found that adding LUS B-line
assessment provided significant prognostic information
beyond clinical signs like crackles or peripheral edema
[10]. Thus, incorporating lung ultrasound may improve
risk stratification compared to relying on physical exam
and chest X-ray alone.

In practical terms, lung ultrasound-based risk assess-
ment could complement existing postoperative scoring
systems. Patients flagged by a high B-line count could be
considered for closer hemodynamic monitoring, delayed
step-down from ICU, or early therapeutic measures to
mitigate pulmonary congestion. This approach resonates
with prior recommendations in the literature [9]. By
identifying occult pulmonary edema early, clinicians have
an opportunity to intervene before full-blown respiratory
failure or other complications ensue.

Furthermore, our study reinforces the importance of
addressing baseline risk factors: the association of smok-
ing and obesity with prolonged stays highlight the need
for preoperative optimization (smoking cessation, weight
management) to improve recovery [7]. Nevertheless,
those measures alone do not guard against acute post-
operative decompensation — a gap which bedside lung
ultrasound may help fill.

In summary, the use of B-lines on LUS as an early
warning marker is a novel, clinically actionable concept:
it equips providers with timely information on a patient’s
cardiopulmonary status, enabling a tailored escalation
of care for those in jeopardy, while potentially sparing
low-congestion patients from unnecessary interventions.
With growing availability of handheld ultrasound devices,
this strategy is both feasible and readily implementable in
the cardiac ICU setting, offering a practical enhancement
to postoperative risk stratification and management.

Limitations and future directions

This study has several limitations. First, it was con-
ducted at a single center with a moderate sample size
(148 patients) and correspondingly few mortality events,
which may limit the statistical power and generalizability
of the findings. Second, our analysis focused on elective
CABG patients; the results may not directly extrapo-
late to emergent surgeries or other cardiac procedures.
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Third, we did not systematically evaluate other sono-
graphic abnormalities (such as pleural effusions or con-
solidations) in our cohort. These lesions were shown in
prior studies to predict pulmonary complications [9] and
might provide complementary prognostic information
beyond B-lines alone.

Furthermore, while we included 30-day mortality as
a primary outcome, we did not track the exact time of
death. This limited our ability to perform time-to-event
analyses such as Cox regression or Kaplan—Meier sur-
vival curves. Similarly, heart rate and hemodynamic
trends were not systematically recorded, which may have
provided complementary physiological context to the
B-line findings.

Furthermore, intraoperative parameters such as bypass
time, number of grafts, and vasoactive requirements
were not systematically captured in our protocol; future
studies should incorporate comprehensive perioperative
procedural data from the outset. Furthermore, preopera-
tive cardiogenic shock status and use of mechanical cir-
culatory support were not systematically collected and
may represent unmeasured confounders.

The exact timing of lung ultrasound examinations rela-
tive to extubation was not systematically recorded, which
may have introduced variability in the B-line measure-
ments across patients.

The multivariable model was limited to four covari-
ates due to EPV constraints, and several intraoperative
and postoperative variables were not collected in our
protocol; the rationale for model selection is discussed
in detail above. Penalized regression methods and inter-
nal validation techniques such as bootstrapping were not
employed; future larger studies should incorporate these
more robust modeling strategies.

Furthermore, the per-unit linear interpretation of the
B-line odds ratio assumes a linear dose—response rela-
tionship across the entire range of B-line counts. This
assumption has not been formally tested, and threshold
behavior — where mortality risk accelerates beyond a
certain B-line burden — remains a plausible alternative.
Exploring nonlinear relationships or categorical group-
ings was not feasible given the small number of outcome
events; future larger studies should specifically investi-
gate clinically meaningful B-line cutoff values.

Nine patients (5.7% of the originally enrolled cohort of
157) were lost to follow-up and excluded from analysis
prior to any modeling. Formal best-case and worst-case
sensitivity analyses assuming different outcome scenarios
for these patients were not performed. However, given
that they represent a small proportion of the cohort and
that the primary finding demonstrated a statistically sig-
nificant association with a clear effect size, it is unlikely
that any reasonable assumption regarding their outcomes
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would materially alter the direction or significance of the
results.

The LOS analysis used linear regression without for-
mal verification of the normality assumption. Alterna-
tive approaches such as log-transformation or negative
binomial regression may be more robust for skewed LOS
distributions and are recommended for future studies.
However, as LOS was a secondary outcome and B-lines
were not significantly associated with it regardless of
modeling approach, this limitation does not affect the
primary conclusions of the study.

Intra-observer variability in B-line quantification was
not formally assessed, as repeated measurements on the
same patient at the same time point were not performed.
This represents a limitation of the reproducibility assess-
ment in our study.

Despite multivariable adjustment, the possibility of
residual confounding by unmeasured variables, includ-
ing disease severity, medication use, socioeconomic fac-
tors, and perioperative parameters not captured in our
protocol — cannot be excluded and should be considered
when interpreting the findings.

Another consideration is that postoperative fluid man-
agement was not controlled in our observational design;
variations in diuretic use or fluid administration could
confound the relationship between B-line burden and
outcomes. Finally, we only examined short-term end-
points (30-day mortality and in-hospital metrics). The
prognostic value of early B-lines for longer-term out-
comes (such as one-year survival or quality of recovery)
remains unknown.

Despite these limitations, our findings open several
avenues for future research. Larger multi-center studies
should be undertaken to validate the association between
early postoperative B-lines and mortality, and to deter-
mine whether a specific B-line threshold (or change in
B-line count over time) yields the highest predictive
accuracy. It would also be valuable to explore integration
of lung ultrasound into formal risk models for postop-
erative outcomes — for example, adding LUS metrics to
existing cardiac surgery risk indices to see if prediction of
complications or death is improved. An important next
step will be interventional studies to test whether man-
aging patients based on lung ultrasound findings can
actually improve outcomes. A randomized trial could
investigate protocols where high-B-line patients receive
aggressive decongestive therapy or extended ICU moni-
toring versus standard care. Such research would clarify
if the LUS marker is not only predictive but also modifi-
able in its impact.

Monitoring daily LUS in the postoperative period could
similarly distinguish patients who are recovering versus
those who are failing to resolve pulmonary edema. Future
studies should examine whether changes in B-lines from
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POD1 to POD3 (the latter time point was measured in
our study but not significantly predictive) carry meaning
— for instance, persistent or worsening congestion might
identify patients who need rescue therapies.

Finally, exploration of lung ultrasound in broader
contexts (such as valve surgery or heart failure patients
managed in the surgical ICU) will help determine the
generalizability of using B-lines as a postoperative risk
stratification tool. By addressing these questions, the field
can better define the role of lung ultrasound in guiding
perioperative care and potentially translate this readily
accessible imaging modality into improved patient out-
comes after cardiac surgery.

Conclusion

In this prospective cohort of patients undergoing coro-
nary artery bypass grafting, early postoperative pul-
monary congestion—quantified by B-line burden on
POD1 lung ultrasound—was an independent predic-
tor of 30-day mortality. Each additional B-line on POD1
increased the risk of death, underscoring the prognostic
value of early lung ultrasound as a non-invasive bedside
tool for risk stratification. In contrast, B-line counts on
POD3 were not significantly associated with mortal-
ity, suggesting that early rather than delayed congestion
markers carry prognostic weight. Moreover, B-lines were
not related to hospital length of stay, which was instead
influenced by baseline patient factors such as smoking
and elevated body mass index.

These findings support the use of routine lung ultra-
sound on the first postoperative day to identify high-risk
patients and guide timely optimization of fluid and car-
diopulmonary management. Larger multicenter stud-
ies are needed to confirm these results, define clinically
meaningful thresholds, and determine whether targeted
interventions based on early ultrasound findings can
improve postoperative outcomes after cardiac surgery.
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