Journal of

%

Clinical Medicine

Article

Risk Factors for Postoperative Hemorrhage Following Thyroid
Surgery: Results of a Case-Control Study and Development of
a Stratified Risk Model Using Random Forest Analysis

Constantin Smaxwil *, Ali Naddaf !, Mirjam Busch !, Joachim Wagner !, Miriam Probst !, Katharina Schiffer 1,
Jasmin Al Hammoud ?, Ulrike Valina !, Moritz Senne 2, Simone Harsch 3, Stefan Schopf 4, Ulrich Wirth 5,
Amra Pepic 6, Antonia Zapf ¢ and Andreas Zielke !

Academic Editor: Alfred A. Simental

Received: 21 April 2026
Revised: 30 June 2026
Accepted: 3 July 2026
Published: 9 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Department of Endocrine Surgery, Endocrine Centre Stuttgart, Diakonie-Klinikum Stuttgart,
70176 Stuttgart, Germany

2 Department of General, Visceral and Transplant-Surgery, University of Tiibingen,
72076 Tubingen, Germany

3 QOutcomes Research Unit, Endocrine Centre Stuttgart, Diakonie-Klinikum Stuttgart,
70176 Stuttgart, Germany

4 Department. of General, visceral, endocrine, and thoracic surgery, InnKlinikum Miihldorf,
84453 Miihldorf am Inn, Germany

5 Department of General, Visceral, and Transplantation Surgery, LMU University Hospital,
LMU Munich, 81377 Munich, Germany

¢ Institute of Medical Biometry and Epidemiology, University Medical Center Hamburg-Eppendorf,
20251 Hamburg, Germany

* Correspondence: smaxwil@diak-stuttgart.de

Abstract

Background: Postoperative haemorrhage (POH) is a rare but potentially life-threatening
complication of thyroid surgery, with an incidence of 0.6-4%. Early identification of pa-
tients at increased risk is critical to guide perioperative management, especially in the
context of evolving surgical practices and increasing demand for outpatient procedures.
Methods: We conducted an explorative, retrospective, single-centre case—control study
using a prospectively documented quality assurance dataset including 9158 thyroidecto-
mies (2012-2019). POH requiring revision (n = 104) were compared to matched controls
(n = 416; 1:4 ratio), matched by age, sex, type of procedure (uni- vs. bilateral), and year of
surgery. Univariate analysis (Chi-square and ¢-test) was used to identify possible associa-
tions between candidate risk factors and POH. To supplement classical univariate statis-
tics, we applied a Random Forest machine learning model to assess the relative im-
portance of 25 potential variables derived from the clinical dataset based on previous lit-
erature. It was also planned to use the results to develop a proposal for a quantitative risk
score, system, assigning weights to each factor (3, 1, or 0 points) depending on their rela-
tive importance for predicting POH. Patients were subsequently categorized into risk
classes (low, intermediate, high) based on total point scores and reclassified. Results:
High-impact risk factors confirmed in univariate analysis and Random Forest modelling
included reoperative thyroidectomy, smoking, relevant comorbidities, medical treatment
for hyperthyroidism and advanced age and were weighted with 3 points. Moderately as-
sociated variables such as regular alcohol consumption, Graves’ disease, hyperthyroid
state at surgery, duration of the procedure and thyroid weight were weighted 1 point.
Factors with negligible predictive value (e.g., BMI, gender, ASA classification) were as-
signed 0 points. The average score among patients without haemorrhage was 5.21,
whereas the average score among patients with haemorrhage was 7.61. Within the

J. Clin. Med. 2026, 15, 5396

https://doi.org/10.3390/jcm 15145396



J. Clin. Med. 2026, 15, 5396

2 of 17

matched study cohort, patients with POH accumulated higher risk scores than controls,
suggesting potential discriminatory capacity. These findings formed the basis for the de-
velopment of an exploratory three-stage ‘traffic light” risk stratification model that re-
quires external validation. Conclusions: A simple, interpretable point-based scoring sys-
tem derived from a large matched case—control cohort identified key predictors of post-
operative hemorrhage (POH) after thyroid surgery and enabled risk stratification within
the study population. By combining conventional statistical methods with machine-learn-
ing approaches, the score may support individualized perioperative monitoring, surgical
planning, and institutional resource allocation. However, because the model was devel-
oped using a 1:4 matched case-control design, it should be considered an exploratory risk
stratification tool rather than a fully validated prediction model, and it does not directly
estimate absolute POH risk or population incidence. External and prospective validation
in large, representative multicentre cohorts (e.g., StuDoQ,, HEDOS) is ongoing and will
be required to establish calibration, generalizability, and clinical utility.

Keywords: thyroid surgery; postoperative complication; postoperative hemorrhage;
thyroidectomy; risk assessment; machine learning; prognostic score

1. Introduction

Postoperative haemorrhage (POH) following thyroid surgery is an uncommon but
serious complication, with an incidence reported between 0.6% and 4% in the literature
[1-3]. While rare, it poses a potentially life-threatening situation due to the risk of acute
airway obstruction caused by cervical hematoma formation. Mortality associated with
POH, though low (0.03-0.06%), is often preventable and typically arises from delayed
recognition or inadequate perioperative management [4]. The urgency and unpredictabil-
ity of POH, combined with its potential consequences, make it one of the most feared
complications in endocrine surgery.

Several national and international registries have highlighted the clinical impact of
postoperative bleeding. For instance, a review of over 98,000 endocrine surgeries in Aus-
tralia and New Zealand (ANZASM/CHASM, 2009-2020) revealed that 13 of 38 deaths fol-
lowing thyroidectomy were directly attributed to postoperative haemorrhage [5]. Similar
findings were reported in long-term institutional data from Europe, where POH was as-
sociated with increased reoperation rates, need for tracheostomy, prolonged hospital
stays, and in rare cases, mortality [6]. In our own patient cohort, the rate of revisions due
to POH between the years 2002-2018 (21,341 patients) with endocrine cervical procedures
was 1.04% (231 revisions), including 4 tracheostomies in cases of difficult airway and one
death with intraoperative resuscitation. These outcomes underscore the need for early de-
tection, rapid intervention, and ideally, prevention through risk stratification.

Despite the recognized importance of this complication, there is currently no widely
accepted, validated predictive model for POH. Previous studies have inconsistently im-
plicated factors such as age, male sex, hypertension, extent of surgery, Graves’ disease,
and use of anticoagulants [7,8]. However, these findings are often derived from retrospec-
tive, single-arm analyses without proper control groups, and thus lack predictive preci-
sion. Moreover, many studies fail to consider complex interactions between patient-re-
lated, surgical, and disease-specific variables.

In Germany, the standard approach to thyroid surgery is an inpatient procedure due
to the potential for POH. Yet with increasing pressure toward ambulatory or short-stay
surgery, there is a growing need for objective tools to assess bleeding risk preoperatively.
A structured, evidence-based risk model could enable tailored postoperative monitoring
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strategies, optimize resource allocation, and ultimately support the safe implementation
of day-case thyroidectomy in selected patients. The intended purpose of the proposed
model is not to replace clinical judgement but to support preoperative risk stratification
and perioperative decision-making. Specifically, it is designed to assist in tailoring post-
operative monitoring strategies, optimizing institutional resource allocation, and identi-
fying patients who may be suitable candidates for short-stay or ambulatory thyroid sur-
gery. Given its exploratory nature, the model should currently be regarded as a risk strat-
ification tool rather than a validated prediction model, and its clinical applicability will
require external prospective validation.

To address this unmet need, we conducted a comprehensive, retrospective case—con-
trol study using a large prospective quality assurance dataset. Beyond classical univariate
analyses, we applied advanced machine learning techniques —specifically a Random For-
est classifier—to assess the relative importance of more than 30 variables in predicting
POH. Based on this, we developed a transparent and easy-to-use scoring system, assign-
ing weighted points to each variable depending on its relative importance. The cumula-
tive score was then used to classify patients into low-, intermediate-, and high-risk cate-
gories, forming the basis of a clinically applicable “traffic light” model.

This study aims not only to identify risk factors for POH, but also to develop an ex-
ploratory, structured risk stratification tool for identifying patients at increased risk of
POH.

To our knowledge, no currently available risk model has been developed from a co-
hort of this size, incorporates machine-learning-based variable selection, and provides a
clinically implementable risk stratification tool specifically for postoperative haemorrhage
after thyroid surgery that can be used preoperatively to improve surgical planning, antic-
ipate complications, and enhance overall patient safety

2. Materials and Methods
2.1. Study Design and Population

This study was designed as an explorative, retrospective case—control analysis based
on prospectively collected surgical quality assurance data. The data enrolled in this study
were obtained from the centre’s pseudonymized quality assurance database (since 2017
the StuDoQ-Database for certified centres of Endocrine Surgery of the German Associa-
tion of Surgeons, DGAV). The study was conducted by the Endocrine Centre’s certified
Outcomes Research Unit and reviewed by the internal review board (IRB_001/2023), no
additional clarification was required other than the consent obtained prior to entering data
into the centre’s database.

All patients who underwent thyroid surgery at the Department of Endocrine Surgery,
Diakonie-Klinikum Stuttgart, between January 2012 and December 2019 were screened.
Out of 9158 recorded thyroid procedures, 104 patients were identified who experienced a
revision-requiring postoperative haemorrhage (POH). These patients constituted the case
group.

To minimize the influence of major confounding factors, a matched control group
was assembled using a 1:4 case-to-control ratio. A total of 416 control cases were selected
from the same surgical cohort who did not experience POH. Matching was performed
based on the following criteria: sex, age range (in 5-year increments), type of surgery (uni-
lateral or bilateral), and the year of operation. This yielded a total analytical cohort of 520
patients.
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2.2. Data Acquisition and Variables

The following items, which could be associated with an increased risk of postopera-
tive bleeding according to the literature review [9-19], were searched for in the individual
case documents.

The following variables were considered as potential risk factors for POH:

Demographic data:
Age, sex, body mass index (BMI)

Surgical parameters:
Type of resection (uni- vs. bilateral), duration of surgery, total resected thyroid
weight, primary vs. reoperative procedure, wound drainage, experience of sur-
geon/department

Medical history and comorbidities:
Arterial hypertension, cardiopulmonary disease (e.g., COPD, asthma), previous my-
ocardial infarction or stroke, coagulation disorders

Thyroid disease characteristics:
Diagnosis of Graves’ disease, autoimmune thyroiditis, thyroid carcinoma, biochemi-
cal hyperthyroidism

Perioperative variables:

Use of anticoagulant or antiplatelet medications during the perioperative period, pre-
operative dyspnoea, postoperative vomiting or hypertension
Lifestyle factors:
Smoking and regular alcohol consumption, as documented in the preoperative as-
sessment.
Smoking and alcohol consumption were recorded as binary variables (yes/no) during
the standardized preoperative assessment. Current tobacco users and patients re-
porting any regular or occasional alcohol consumption were classified as positive,
whereas patients reporting no current consumption were classified as negative.
Clinical, surgical, and demographic data were extracted from the institutional data-
base and operative records. Risk factors that were sporadic or registered as individual
cases were not considered in statistical evaluation.
In addition to individual variables, subgroup patterns were analysed across age
groups, sex, and type of procedure (unilateral vs. bilateral). A breakdown of POH events

and controls across these strata is provided in Table 1, highlighting potential demographic
trends and procedural clustering in specific patient groups.

Table 1. This table summarizes the distribution of postoperative hemorrhage (POH) events and
matched controls by age group, sex, and surgical approach. It illustrates that POH was more fre-

quent in bilateral procedures and clustered in the 45-69-year age range across both sexes.

Female Male
Bilateral Unilateral Bilateral Unilateral
Age (years) POH Control POH Control POH Control POH Control
<=39 5 20 2 8 1 4 - -
40-44 5 20 3 12 1 4 - -
45-49 13 52 4 16 1 4 2 8
50-54 4 16 4 16 5 20 2 8
55-59 4 16 4 16 5 20 2 8
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60-64 6 24 2 8 1 4 1 4
65-69 7 28 1 4 28 8
=>70 4 16 7 28 2 8 5 20

2.3. Statistical and Machine Learning Analysis

Initial data analysis was conducted using standard descriptive statistics (R version
4.5.3; R Foundation for Statistical Computing, Vienna, Austria. The R packages used in-
cluded tidyverse version 2.0.0, dplyr version 1.1.4, ggplot2 version 4.0.0, gtsummary ver-
sion 2.5.0, arsenal version 3.6.3 and DescTools version 0.99.60.) Continuous variables were
summarized using means, standard deviations, medians, and interquartile ranges, while
categorical variables were reported as absolute and relative frequencies. To evaluate as-
sociations between variables and POH, univariate statistical tests were employed: Pear-
son’s Chi-squared test for categorical variables and Student’s t-test for continuous varia-
bles. As this was an exploratory analysis, p-values were interpreted in a descriptive man-
ner, without correction for multiple comparisons and are not intended to indicate statisti-
cal significance.

To supplement the univariate analyses and explore the relative importance of multi-
ple candidate risk factors for POH simultaneously, a Random Forest classifier was imple-
mented using the ranger package in R (R Foundation for Statistical Computing, Vienna,
Austria) [20]. The Random Forest analysis was performed on the matched study popula-
tion. Matching variables (age, sex, type of surgery, and year of surgery) were retained as
candidate predictors, whereas the matched pairs themselves were not explicitly incorpo-
rated into the Random Forest algorithm, as the objective was exploratory identification
and ranking of relevant predictors rather than estimation of adjusted effect sizes. Only
patients with complete information for all candidate predictors included in the Random
Forest analysis were analysed (complete-case analysis). No imputation of missing values
was performed. The Random Forest model consisted of 100,000 classification trees grown
using bootstrap sampling with replacement. Variable importance was assessed using per-
mutation importance, which quantifies the decrease in predictive performance after ran-
domly permuting the values of a predictor. Higher permutation importance indicates a
greater contribution of a variable to prediction, whereas values close to or below zero in-
dicate little or no predictive contribution. Default tuning parameters of the ranger imple-
mentation, including the default mtry setting, were used. No class weighting or additional
sampling strategy was applied. Model performance was assessed using the out-of-bag
(OOB) error estimate. As the purpose of the Random Forest analysis was exploratory var-
iable ranking rather than prediction model development, no separate training/test split,
cross-validation, or bootstrap-based internal validation was performed.

Based on the combined output of univariate tests and Random Forest ranking, all candi-
date risk factors were categorized into three relevance levels:

(1) Highly relevant— consistently associated with POH (p < 0.05) and/or ranked top
in permutation analysis

(2) Moderately relevant—supported by the literature or borderline significance

(3) Low or negligible relevance —not associated with POH in either method.

This classification formed the structure of the scoring system described below.

2.4. Development of a Weighted Risk Score

To translate analytical results into a clinically useful risk stratification tool, we con-
structed a pragmatic scoring system that assigned point values to each variable based on
its relevance to POH prediction. Specifically, variables classified as highly relevant re-
ceived 3 points, those deemed moderately relevant received 1 point, and low-relevance
factors were assigned 0 points. This scoring system was designed to be both interpretable
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and practical for use in clinical workflows rather than a statistically optimized prediction
model. The allocation of point values was intentionally pragmatic and based on a combi-
nation of Random Forest variable importance, univariate findings, and clinical judgement.
The score was designed as an exploratory and easily interpretable risk stratification tool
rather than a statistically optimized prediction model. Each patient’s individual score was
calculated as the sum of the points assigned across all variables. The theoretical score
range spanned from 0 (minimal risk constellation) to >12 (multiple high-risk features).

2.5. Score Distribution and Discriminatory Power

To assess the preliminary utility of the scoring system, we retrospectively applied it
to all 520 patients in the study cohort. Each patient received a total score based on their
individual risk profile. Patients were then categorized into three predefined risk groups:

Red: ® High risk
Yellow: Intermediate risk

Green: ® Low risk

This evaluation, tested by reclassification, served as a first test of whether the pro-
posed model could distinguish between patients who experienced POH and those who
did not. Specifically, we examined whether the distribution of total risk scores differed
meaningfully between the two groups. This step was not intended as a formal validation
but as a feasibility test of the model’s discriminatory capacity and potential clinical utility.

3. Results

The final study cohort consisted of 520 patients, including 104 individuals who expe-
rienced a postoperative haemorrhage (POH) requiring revision and 416 matched controls
without any bleeding events. Matching was carried out based on sex, age group, type of
surgical procedure (unilateral vs. bilateral), and year of operation. This ensured that the
two groups were largely comparable in terms of their baseline characteristics.

In an additional step, we examined how age, sex, and type of procedure influenced
the distribution of POH (Table 1). The majority of patients in both groups were female. It
became evident that most haemorrhage events occurred in the age range between 45 and
69 years, with a slight shift toward higher age in the POH group with bilateral procedures
dominating in both POH and control groups.

This demographic and procedural clustering supports the rationale for integrating
both patient-related and surgical factors into a comprehensive risk model.

3.1. Post-Haemorrhage Risk Assessment in the Univariate Analysis

In a first step, we conducted a univariate statistical analysis to compare various clin-
ical, surgical, and demographic parameters between the POH group and the control
group. A total of 22 potential risk factors were considered. Each risk factor was assigned
to one of the three groups, ‘surgery-related’, ‘patient-related’ or ‘diagnosis-related.’

Among these, several variables showed a clinically relevant association with the oc-
currence of postoperative haemorrhage (Table 2).

With 88.5%, the majority of POH was registered in patients with the (primary) diag-
nosis of “nodular goiter”; in 20.2%, a hyperthyroid metabolic state was present, and 10.6%
of all cases had an autoimmune thyroid disease. POH was observed in 1% of carcinomas.
Two-thirds of all POH occurred during bilateral interventions, and 8.7% during reopera-
tion for recurrence.

In the univariate analysis, the following four risk factors were found to be relevant.
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Table 2. The results of univariate comparisons between patients with and without postoperative

haemorrhage (POH), highlighting clinically relevant associations for reoperations, smoking, alcohol

consumption, and relevant comorbidities (summarised from cardiovascular diseases such as arterial

hypertension or atrial fibrillation, renal insufficiency, metabolic diseases such as diabetes mellitus

or obesity, chronic lung diseases (asthma/COPD/bronchitis), neurological diseases such as stroke,

and oncological conditions), while most other individual variables showed no relevant differences.

Factor Parameter Control Group (N =416) POH Cases (N = 104) p-Value
surgery-related Reoperation <0.001
-No 408 (98.1%) 95 (91.3%)
—Yes 8 (1.9%) 9 (8.7%)
Thyroid Weight (g) 0.328
—Mean (SD) 61.5 (63.4) 68.3 (63.3)
—Median (Q1, Q3) 44.0 (23.0,77.2) 50.0 (29.0, 83.8)
—-Range 4.0-559.0 8.0-410.0
Extent of Resection 0.815
-Bilateral procedure 281 (67.5%) 69 (66.3%)
—Unilateral procedure 135 (32.5%) 35 (33.7%)
Duration of Surgery (min) 0.904
-Mean (SD) 90.2 (41.4) 89.6 (31.5)
—Median (Q1, Q3) 81.0 (61.8, 110.0) 88.5 (66.8, 107.2)
—-Range 25.0-287.0 38.0-201.0
patient-related Smoking <0.001
-No 345 (82.9%) 67 (64.4%)
—Yes 71 (17.1%) 37 (35.6%)
Alcohol Consumption <0.002
-No 309 (74.3%) 61 (58.7%)
—Yes 107 (25.7%) 43 (41.3%)
Relevant comorbidities 0.016
-No 235 (56.5%) 45 (43.3%)
—Yes 181 (43.5%) 59 (56.7%)
Anticoagulant Medication 0.080
-No 392 (94.2%) 93 (89.4%)
—Yes 24 (5.8%) 11 (10.6%)
Age (years) 0.138
—Mean (SD) 54.4 (13.0) 56.5 (12.9)
-Median (Q1, Q3) 53.8 (44.7, 64.5) 57.0 (46.8, 67.0)
—Range 18.5-86.3 19.0-79.0
Pulmonary disease 0.189
-No 391 (94.0%) 94 (90.4%)
—Yes 25 (6.0%) 10 (9.6%)
Cerebral insult 0.243
-No 408 (98.1%) 100 (96.2%)
—Yes 8 (1.9%) 4 (3.8%)
Malignant Medical History 0.268
-No 389 (93.5%) 94 (90.4%)
—Yes 27 (6.5%) 10 (9.6%)
Hypertension 0.429
-No 281 (67.5%) 66 (63.5%)
—Yes 135 (32.5%) 38 (36.5%)
BMI 0.508
-Mean (SD) 27.2 (6.0) 27.7 (6.0)
—Median (Q1, Q3) 26.0 (23.0, 30.2) 27.0 (24.0, 30.2)
-Range 16.0-48.0 18.0-49.0
Cardiac arrythmias 0.595
-No 390 (93.8%) 96 (92.3%)
—Yes 26 (6.2%) 8 (7.7%)
ASA 0.658
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I 44 (10.6%) 10 (9.6%)
I 311 (74.8%) 82 (78.8%)
II1 61 (14.7%) 12 (11.5%)
Sex 0.848
—Female 292 (70.2%) 72 (69.2%)
-Male 124 (29.8%) 32 (30.8%)
Coagulopathy 0.866
-No 409 (98.3%) 102 (98.1%)
—Yes 7 (1.7%) 2 (1.9%)
History of myocardial infarction 0.879
-No 407 (97.8%) 102 (98.1%)
—Yes 9 (2.2%) 2 (1.9%)
diagnosis-related Medication for hyperthyroidism 0.397
-No 354 (85.1%) 85 (81.7%)
—Yes 62 (14.9%) 19 (18.3%)
Primary Diagnosis 0.082
—-Nodular goiter 341 (82.0%) 92 (88.5%)
—-Malignancy 26 (6.2%) 1 (1.0%)
—Graves’ disease/AIT 49 (11.8%) 11 (10.6%)
Biochemical Hyperthyroidism 0.084
-No 360 (86.5%) 83 (79.8%)
—Yes 56 (13.5%) 21 (20.2%)

The most striking association was found for patients who underwent reoperative thyroid
surgery. Within the POH group, 8.7% had undergone a reoperation, compared to only 1.9%
in the control group. This difference is clinically relevant since the elevated risk is associated
with repeat interventions, possibly due to altered anatomy and scar tissue formation.

A similarly robust association was observed for tobacco use. While only 17.1% of
patients in the control group reported active smoking, this proportion increased to 35.6%
among patients who developed postoperative bleeding (p < 0.001).

Furthermore, regular alcohol consumption appeared to be another relevant lifestyle-
related risk factor. Patients in the POH group reported alcohol use in 41.3% of cases, com-
pared to 25.7% in the control group (p < 0.002).

Another factor seems to be “relevant comorbidities” (p <0.016) (summarized from car-
diovascular diseases such as arterial hypertension or atrial fibrillation, renal insufficiency,
metabolic diseases such as diabetes mellitus or obesity, chronic lung diseases
(asthma/COPD/bronchitis), neurological diseases such as stroke, and oncological condi-
tions). In the control group, only 43.5% had a “relevant comorbidity”, and 56.5% did not,
whereas the ratio in the POH group was exactly the opposite, with 56.7% of patients having
comorbidity and 43.3% without.

The use of anticoagulant medication during the perioperative period was somewhat
more frequent among POH patients (10.6%) than in controls (5.8%), which is considered
to be clinically relevant and consistent with findings from the previous literature. A simi-
lar result was obtained from the analysis of the main diagnosis factor (p = 0.082), which
included nodular goiter, malignancy, and Graves’ disease as autoimmune thyroid disease.

Another factor in the group of potentially relevant risk factors was biochemical hy-
perthyroidism. In the POH group, 20.2% had hyperthyroidism, whereas in the control
group, only 13.5% had it, resulting in a p = 0.084.

In contrast, several parameters showed no relevant differences between the two out-
come groups.

In the surgery-related group, neither the duration of the procedure nor the resection
weight showed remarkable differences between the two groups. Similarly, the primary
surgical approach (unilateral vs. bilateral) was evenly distributed between groups, sug-
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gesting that extent of surgery alone may not be a decisive predictor of bleeding risk when
other variables are controlled.

In the patient-related group, the individual variables of age, pulmonary disease, cere-
bral insult, malignant medical history, hypertension, BMI, cardiac arrhythmias, ASA, sex,
coagulopathy and history of myocardial infarction showed no clinically relevant difference.

In the diagnosis-related group, medication for hyperthyroidism did not reveal any
differences as a single factor.

3.2. Post-Haemorrhage Risk Assessment in the Random Forest Algorithm

To further explore complex variable interactions and refine risk assessment, we applied
a Random Forest algorithm, which builds decision trees based on data permutations, and
ranked all of the abovementioned risk variables according to their relative importance [20].

The Random Forest analysis (Figure 1) confirmed the previously identified high-im-
pact factors, “reoperation” and smoking as among the top predictors. Additionally, it high-
lighted several other variables as highly relevant. These included “relevant comorbidities”
(summarised from cardiovascular diseases such as arterial hypertension or atrial fibrillation,
renal insufficiency, metabolic diseases such as diabetes mellitus or obesity, chronic lung dis-
eases (asthma/COPD/bronchitis), neurological diseases such as stroke, and oncological con-
ditions), medication for hyperthyroidism, duration of the procedure and age.

Smoking

Relevant comorbidities

Medicinal treatment for hyperthyroidism
Reoperation

Main surgery duration

Age

Main diagnosis: Graves' disease / thyroiditis
Alcohol consumption

Total thyroid resection weight
Biochemical hyperthyroidism

ASAz23

Surgical extent: bilateral

Hypertension

Body Mass Index

Lung disease

Previous malignant disease

Anticoagulants during surgery

History of myocardial infarction

Coagulation disorder

Diabetes

ASAL=+1I
Cerebral stroke

Gender male

Heart rhythm disorder I
0.0C

0.002 0.004 0.006
Importance (Permutation)

Figure 1. Evaluation of the random forest analysis with the indication of the respective importance
(permutation) for each risk factor. The higher this value, the more important the variable. Values
close to 0 indicate that the respective variable has only a random influence on the occurrence of a

postoperative haemorrhage.
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In contrast to the highly relevant factors, the random forest analysis identified the
following as relevant factors: the presence of Graves’ disease/Thyroiditis, alcohol con-
sumption, total thyroid resection weight and biochemical hyperthyroidism. ASA > 3, bi-
lateral surgery and hypertension were considered less relevant factors.

3.3. Development of a Weighted Point-Based Scoring System

Based on these findings, we developed a weighted point-based scoring system. Each
variable was assigned a point value depending on its relevance: three points for highly
predictive factors (e.g., reoperation, smoking), one point for moderately relevant factors
(e.g., Graves’ disease, alcohol), and zero points for low- or non-predictive parameters. This
scoring model was designed to be transparent, reproducible, and clinically practical.

In order to consolidate the results from both statistical and algorithmic perspectives, we
compared the outputs of the univariate analysis with the feature importance rankings derived
from the Random Forest classifier. The resulting risk factor assessment is illustrated in Table
3, which summarizes the degree of relevance attributed to each variable by both methods.

This dual-layered assessment combined evidence from conventional statistical anal-
yses and Random Forest variable importance to inform the pragmatic weighting of indi-
vidual risk factors within the proposed scoring system.

Although age was not statistically significant in univariate analysis, it was identified as a
relevant predictor in the Random Forest analysis. For the purpose of score construction, “ad-
vanced age” was defined using the third quartile of the age distribution in the study cohort,
corresponding to a cutoff of 67 years; patients aged >= 67 years were assigned 3 points.

Table 3. The weighted risk factor classification based on combined univariate analysis and random
forest evaluation. Risk factors that were both clinically relevant and algorithmically important re-
ceived the highest weight, while others with either borderline evidence or minimal contribution to
prediction were weighted accordingly. This structured classification became the basis for construct-

ing the additive risk score used for patient stratification.

Risk Factor Score

(€8]

Reoperation
Smoking
Medical treatment for hyperthyroidism
Relevant comorbidities (e.g., cardiac)
Age (advanced)

Graves’ disease/thyroiditis
Regular alcohol use
Resection weight
Hyperthyroid state at surgery
Duration of surgery
ASA >3
Bilateral surgery
Hypertension
Other factors (BMI, sex, history of MI, stroke, cancer, etc.)

O O O R R R = R W WwWww

o

To evaluate the discriminative potential of this scoring system, we retrospectively
applied it as a reclassification to the study cohort. Each patient received a cumulative risk
score based on their individual risk profile. Patients were then categorized into one of
three gedeﬁned risk strata:

High-risk (red category) for scores of 8 or more
Intermediate-risk (yellow category) for scores between 5 and 7 points

® Low-risk (green category) for scores of 4 points or below
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This internal application served as an initial test to determine whether the model was
capable of distinguishing between patients with and without postoperative haemorrhage.
The distribution of score points in the two groups revealed a clear trend (Figure 2), indi-
cating that patients with POH accumulated more risk points on average than their non-
bleeding counterparts. While this is not a formal validation, the observation suggests that
the score may indeed possess discriminatory power and could serve as a valuable clinical
decision support tool.
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Figure 2. The bar chart shows in blue the patients without postoperative haemorrhage and in red
the patients with postoperative haemorrhage, each assigned to the different risk groups. The strong
allocation of patients with postoperative haemorrhage to the higher-risk groups is clearly recog-
nizable. Without POH: mean 5.21 (90CI 4.9:5.5); median 5 (1Q3 3:7); with POH: mean 7.61 (90CI
7.1:8.2); median 8 (1Q3 6:12).

3.4. Clinical Relevance

The proposed scoring system may support preoperative risk stratification and help
tailor postoperative monitoring following thyroid surgery. Patients classified as high-risk
may benefit from extended observation and increased vigilance, whereas low-risk
patients could be considered for short-stay or day-case surgery in appropriately selected
cases. However, postoperative haemorrhage cannot be completely excluded in any
patient, even in the low-risk group. Therefore, the score should be regarded as a decision-
support tool that complements, rather than replaces, clinical judgement and standard
postoperative surveillance.

4. Discussion

Postoperative haemorrhage (POH) following thyroid surgery, although relatively
uncommon, remains one of the most feared complications because it can rapidly lead to
potentially life-threatening airway obstruction. International registry analyses demon-
strate that POH continues to contribute significantly to postoperative mortality despite
modern surgical standards. The rate of postoperative bleeding is reported to be just over
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1%, with approximately 70% experiencing bleeding within 6 h and only 4% after 24 h, so
protocols for the early detection and management of bleeding are recommended [21].
Data from the Australian and New Zealand Audit of Surgical Mortality indicate a mortal-
ity rate between 0.03% and 0.07% following thyroid surgery [5]. In a large Spanish analy-
sis, with a mortality rate of 0.065% after thyroid surgery, postoperative bleeding was de-
tected as the cause of death in 30% of cases [4]. These epidemiological findings highlight
the critical need for precise risk assessment to ensure early preoperative identification of
patients at heightened risk.

The present study indicates that reoperations represent the strongest predictor for
postoperative haemorrhage. This finding aligns closely with the established evidence. In
an analysis of 30,000 operations, older age, male sex, extent of resection, and recurrence
surgery were identified as risk factors for post-operative bleeding [8]. The underlying
mechanisms—scar tissue formation, distortion of anatomical planes, and a more fragile
vascular environment—complicate meticulous dissection and secure haemostasis. These
pathophysiological considerations support the empirical observations of the present
study and justify the high weighting of reoperations within the risk score. Importantly,
our findings do not merely confirm reoperative surgery as a risk factor but also demon-
strate its prominent contribution within a multivariable prediction framework. This ob-
servation is consistent with previous reports [8] and supports the inclusion of reoperation
status as one of the highest-weighted variables in the proposed risk model.

Beyond reoperations, our analysis identifies modifiable lifestyle factors, specifically
active smoking and regular alcohol consumption, as significant contributors to the risk of
postoperative haemorrhage (POH). In our cohort, active smoking was more than twice as
prevalent among patients who developed POH compared with controls. This is consistent
with clinical evidence demonstrating that smoking is associated with an increased risk of
postoperative wound complications and impaired healing, including surgical site infec-
tion and wound disruption, compared with non-smokers [22]. In a large propensity-
matched cohort study encompassing over one million surgical patients, current smokers
had significantly higher odds of wound disruption and surgical site complications than
non-smokers, likely reflecting smoking-associated microvascular dysfunction, impaired
tissue oxygenation, and disrupted inflammatory and reparative responses [23]. Regular
alcohol consumption has also been linked to adverse postoperative outcomes. Systematic
reviews and meta-analyses indicate that preoperative high alcohol intake is associated
with an increased risk of postoperative complications, including mortality, surgical site
infections, and anastomotic leakage in gastrointestinal surgery. Specifically, patients with
clearly defined high alcohol consumption (>14 units/week or equivalent) had elevated
odds of both infectious and surgical complications compared with non-drinkers [24]. The
adverse effects of chronic alcohol use in the surgical context are biologically plausible:
alcohol can impair platelet function and coagulation pathways, disrupt immune re-
sponses, and compromise vascular and endothelial integrity, thereby increasing bleeding
risk and infection susceptibility. These findings underscore the need for a more compre-
hensive incorporation of lifestyle-related elements into preoperative risk assessment,
which is often insufficiently emphasized in current clinical practice. While smoking and
alcohol consumption have been associated with adverse surgical outcomes in various spe-
cialties [22-24], they are only inconsistently included in previously proposed thyroid sur-
gery risk assessments. Our findings suggest that these modifiable lifestyle factors may
contribute more substantially to POH risk than traditionally assumed and therefore war-
rant greater consideration during preoperative evaluation. Relevant comorbidities also
play an important role in perioperative risk. In particular, cardiovascular and chronic pul-
monary diseases have been repeatedly associated with an increased likelihood of adverse
postoperative outcomes. For example, cardiovascular disease and chronic pulmonary dis-
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ease were independently associated with a higher risk of short-term major postoperative
complications in a cohort of patients undergoing robotic-assisted radical prostatectomy
[25], where both conditions remained significant predictors after multivariable adjust-
ment, emphasizing their relevance across different surgical settings. Furthermore, cardi-
orespiratory comorbidity —including both cardiac and respiratory disease—has been
shown to increase the overall risk of postoperative complications following major surgery,
such as esophagectomy for cancer, where preoperative cardiac comorbidity elevated the
risk of pulmonary complications and adverse outcomes (e.g., higher Clavien-Dindo
scores) relative to patients without such comorbidities [26]. More broadly, prospective co-
hort data demonstrate that the presence and number of comorbid conditions are strongly
correlated with postoperative adverse events, with an increasing number of comorbidities
linked to both major and minor complications [27]. In the present study, more than half
of the patients who experienced POH had at least one relevant preexisting condition, un-
derscoring systemic health status as a potent clinical risk factor. Limited cardiopulmonary
reserve, increased susceptibility to perioperative blood pressure fluctuations, and under-
lying coagulopathies offer plausible mechanistic explanations for this observation.

It should be acknowledged that the variable “relevant comorbidities” was intention-
ally constructed as a composite clinical parameter comprising cardiovascular, pulmonary,
renal, metabolic, neurological, and oncological conditions. The rationale for this approach
was to capture the overall burden of systemic disease rather than to evaluate the individ-
ual contribution of each comorbidity subtype. Given the exploratory nature of the study
and the limited number of POH events, a further subdivision into individual disease cat-
egories would have substantially reduced statistical robustness. Consequently, the ob-
served association should be interpreted as reflecting the impact of reduced physiological
reserve and increased overall morbidity rather than the effect of any specific underlying
condition. Future studies with larger multicentre cohorts should investigate individual
comorbidity categories separately to determine whether particular disease entities con-
tribute disproportionately to POH risk and to further refine risk stratification models. Dis-
ease-specific factors such as hyperthyroidism or autoimmune thyroid disorders exhibited
a moderate association with POH. The literature on this topic is heterogeneous; however,
several large clinical studies have documented that Graves” disease, the most common
cause of hyperthyroidism, is associated with a higher risk of postoperative complications,
including postoperative hematoma and bleeding-related outcomes, in patients undergo-
ing thyroid surgery. For example, in a large NSQIP-based cohort study, patients with
Graves’ disease had significantly higher odds of postoperative hematoma and related
complications compared with patients undergoing thyroidectomy for other indications
[28]. Similarly, a nationwide inpatient analysis demonstrated that Graves’ disease was in-
dependently associated with a higher risk of hematoma requiring reoperation and other
postoperative complications following total thyroidectomy [29].

In our cohort, hyperthyroidism emerged as a relevant but not dominant contributor
to bleeding risk, which is largely in agreement with previous reports demonstrating an
increased but moderate risk associated with Graves’ disease and autoimmune thyroid dis-
orders [28,29].

This aligns with the broader understanding that metabolic and autoimmune thyroid
conditions may influence surgical outcomes without being primary drivers of severe com-
plications, especially when patients are appropriately optimized preoperatively and man-
aged in high-volume surgical centres.

It is noteworthy that variables frequently discussed in previous studies—such as BMI,
sex, operative duration, and resection weight—did not demonstrate associations with
POH in our analysis. These findings partially contrast earlier reports, which often at-
tributed increased risk to male sex or large gland size. The 1:4 matching strategy applied
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here, controlling for age, sex, procedure type, and year of surgery, likely minimized con-
founding factors that may have influenced prior conclusions. This suggests that some ear-
lier associations may have reflected surrogate markers for other unmeasured or poorly
controlled risk constellations rather than causal relationships. This discrepancy highlights
the importance of controlling for confounding variables when evaluating risk factors for
POH and may explain some of the heterogeneity reported in the existing literature.

To our knowledge, no currently available is the complementary use of a Random For-
est approach alongside conventional statistical analyses. The Random Forest was not in-
tended to develop a final prediction model but to provide an exploratory assessment of the
relative importance of candidate risk factors while accounting for potential nonlinear rela-
tionships and interactions between variables. The largely consistent identification of reoper-
ation, smoking, relevant comorbidities, and age as important predictors across both the uni-
variate analyses and the Random Forest approach supports the robustness of these findings.

The resulting “traffic-light” risk model provides a clear, intuitive, and clinically ac-
tionable tool for stratifying patients into low-, intermediate-, and high-risk categories. This
enables tailored postoperative monitoring strategies, more efficient allocation of
healthcare resources, and improved patient selection for ambulatory or short-stay thyroid
surgery —an increasingly relevant consideration in modern surgical care. The distinct sep-
aration of score distributions between patients with and without POH suggests that the
proposed score is able to discriminate between different risk levels within the study cohort.
Nonetheless, external validation remains essential to confirm generalizability across insti-
tutions and practice settings.

Several limitations should be considered when interpreting the present findings. First,
although the underlying quality assurance database was collected prospectively, the cur-
rent analysis was retrospective in nature and is therefore subject to the inherent limitations
of retrospective studies, including the risk of residual confounding and missing variables.
Second, this was a single-centre study conducted at a high-volume endocrine surgery unit,
which may limit the generalizability of the results to other institutions with different pa-
tient populations and surgical practices. Third, the proposed scoring system was inter-
nally derived and tested within the same cohort and has not yet undergone external vali-
dation. Consequently, the predictive performance and applicability of the model should
be confirmed in independent multicentre cohorts before routine clinical implementation
can be recommended.

Furthermore, the Random Forest analysis was intended as an exploratory method for
variable prioritisation rather than formal prediction model development. Consequently,
no separate training/test split, cross-validation, or bootstrap-based internal validation was
performed. In addition, the weighting of the proposed traffic-light score was determined
pragmatically by combining clinical judgement with the results of the univariate analyses
and the Random Forest variable importance ranking, rather than being directly estimated
from regression coefficients or optimisation procedures. Therefore, the proposed score
should be regarded as hypothesis-generating and requires external validation before rou-
tine clinical implementation.

A further limitation should be acknowledged regarding the assessment of lifestyle-
related risk factors. Smoking and alcohol consumption were recorded as binary variables
based on the standardized preoperative medical history and were not quantified with re-
spect to cumulative tobacco exposure, smoking intensity, alcohol units per week, or du-
ration of consumption. Consequently, the present analysis cannot address potential dose—
response relationships or distinguish between occasional, moderate, and heavy consump-
tion patterns. While this simplified approach was consistent with the exploratory objective
of developing an easily applicable clinical risk stratification tool, future studies should
evaluate more detailed exposure measures and differentiate between current, former, and
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heavy users to better characterize the contribution of these lifestyle factors to POH risk.
Although several studies and meta-analyses have identified risk factors for postoperative
hemorrhage after thyroidectomy, most have focused on association analyses rather than
risk prediction. Large registry studies and systematic reviews consistently report factors
such as reoperative surgery, male sex, older age, Graves’ disease, anticoagulant therapy,
and extent of surgery as contributors to POH risk [7-10,18,19]. However, no broadly
adopted clinical prediction score specifically designed for POH after thyroid surgery has
emerged from these data. Therefore, the present study should not be viewed as introduc-
ing entirely novel risk factors, but rather as providing a structured and clinically imple-
mentable framework that integrates established and newly highlighted predictors into a
pragmatic risk stratification model. The addition of machine-learning-based variable pri-
oritization and the explicit incorporation of modifiable lifestyle factors represent further
distinguishing features of the proposed approach.

Another limitation concerns the definition of the score thresholds used to classify
patients into low-, intermediate-, and high-risk groups. These cutoffs were selected prag-
matically based on the observed score distribution within the study cohort and the objec-
tive of creating a simple and clinically intuitive risk stratification framework. They were
not derived from formal optimization procedures and should therefore be regarded as
preliminary. As with traffic-light systems in everyday practice, the proposed categories
are intended to support, rather than replace, individual clinical judgement. Future valida-
tion studies should determine whether alternative thresholds improve predictive perfor-
mance and clinical utility.

Taken together, this study reaffirms key determinants of postoperative haemorrhage,
identifies additional modifiable contributors, and —most notably —integrates them into a
novel, data-driven, and clinically practical risk assessment tool. Against the backdrop of
persistent POH-associated mortality, as documented in international datasets [4,5], such
a model holds particular relevance for enhancing patient safety in endocrine surgery. The
findings establish an evidence-based framework that supports standardized preoperative
decision-making, clarifies appropriate postoperative observation periods, and identifies
patients for whom ambulatory thyroid surgery may not be safe. With planned external
validation, the model has the potential to become a central instrument in risk-adapted
surgical management in the future.

5. Conclusions

Reoperations and certain modifiable patient factors (smoking, alcohol consumption,
anticoagulant use) increase the risk of POH after thyroid surgery. The proposed “traffic
light” model offers a practical risk stratification tool that may improve perioperative man-
agement and patient safety. Prospective external validation and implementation in
broader datasets (e.g., StuDoQ [30], HEDOS [31]) are currently under way and integration
into clinical workflows is warranted.

Author Contributions: Conceptualization, C.S., A.N., S.H. and A.Z. (Andreas Zielke); methodology,
C.S., AP, AZ. (Antonia Zapf). and A.Z. (Andreas Zielke); software, A.P. validation, C.S. and A.Z.
(Andreas Zielke); resources, A.N., S.H., M.B., JW., M.P,, K.S,, J.A.-H., U.V. and M.S.; data curation,
C.S.and A.Z. (Andreas Zielke); writing—original draft preparation, C.S. and A.Z. (Andreas Zielke);
writing —final review and editing, C.S., S.H., JW., M.B,, M.S,, S.S,, UW., AP. and A.Z. (Andreas
Zielke), visualization, C.S., ].W. and M.B. All authors have read and agreed to the published version

of the manuscript.

https://doi.org/10.3390/jcm 15145396



J. Clin. Med. 2026, 15, 5396 16 of 17

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted by the Endocrine Center’s certi-
fied Outcomes Research Unit (IRB_001/2023-22 May 2023). All methods were carried out in accord-
ance with the Declaration of Helsinki and the approved guidelines. The data enrolled in this study
were obtained from the centers pseudonymized quality assurance database (since 2017, the StuDoQ-

Database for certified centers of Endocrine Surgery of the German Association of Surgeons, DGAV).

Informed Consent Statement: The IRB confirmed that the study does not involve any characteristics
that require a vote or consultation in accordance with §15 MBO LAKBW (no interference with the
mental or physical integrity of a person or use of body materials or data that can be attributed to a
specific person). Therefore, this analysis did not require informed consent other than the consent
obtained prior to entering data into the StuDoQ Database (IRB_001/2023-22 May 2023)).

Data Availability Statement: Restrictions apply to the data presented in this study. Data were ob-
tained from the StuDoQ Thyroid Quality Assurance Registry of the German Association of Surgeons
(DGAVC) and may be available to third parties only upon request to the SAVC/DGAYV and decision
at the discretion of the DGAVC.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Wojtczak, B.; Aporowicz, M.; Kaliszewski, K.; Bolanowski, M. Consequences of bleeding after thyroid surgery — Analysis of
7805 operations performed in a single center. Arch. Med. Sci. 2018, 14, 329-335. https://doi.org/10.5114/aoms.2016.63004.

2. Materazzi, G.; Ambrosini, C.E.; Fregoli, L.; De Napoli, L.; Frustaci, G.; Matteucci, V.; Papini, P.; Bakkar, S.; Miccoli, P. Prevention
and management of bleeding in thyroid surgery. Gland Surg. 2017, 6, 510-515. https://doi.org/10.21037/gs.2017.06.14.

3.  Galluzzi, F.; Garavello, W. Complications of revision surgery in case of bleeding after thyroid surgery: A systematic review.
Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2023, 140, 171-176. https://doi.org/10.1016/j.anorl.2023.01.002.

4.  Gomez-Ramirez, ].; Sitges-Serra, A.; Moreno-Llorente, P.; Zambudio, A.R.; Ortega-Serrano, J.; Rodriguez, M.T.; del Moral, J.V.
Mortality after thyroid surgery, insignificant or still an issue? Langenbecks Arch. Surg. 2015, 400, 517-522.
https://doi.org/10.1007/s00423-015-1303-1.

5. Chui, J.N,; Papachristos, A.].; Mechera, R.; Sidhu, S.B.; Sywak, M.S.; Lee, J.C.; Gundara, J.; Lai, C.; Glover, A.R. Unexpected
deaths after endocrine surgery: Learning from rare events using a national audit of surgical mortality. Br. J. Surg. 2022, 109,
1164-1171. https://doi.org/10.1093/bjs/znac276.

6. Ott, ]J. Die Nachblutung Nach Schilddriisenoperation —Interdisziplindres Management Einer Kritischen Komplikation Eine
Analyse von 519 Nachblutungen an 30.142 Konsekutiven Schilddriisenoperationen. Ph.D. Thesis, Medical University of Vienna,
Vienna, Austria, 2009.

7. Fan, C,; Zhou, X,; Su, G.; Zhou, Y.; Su, ]J.; Luo, M.; Li, H. Risk factors for neck hematoma requiring surgical re-intervention after
thyroidectomy: A systematic review and meta-analysis. BMC Surg. 2019, 19, 98. https://doi.org/10.1186/s12893-019-0559-8.

8. Promberger, R.; Ott, J.; Kober, F.; Koppitsch, C.; Seemann, R.; Freissmuth, M.; Hermann, M. Risk factors for postoperative
bleeding after thyroid surgery. Br. J. Surg. 2012, 99, 373-379. https://doi.org/10.1002/bjs.7824.

9.  Campbell, M.J.; McCoy, K.L.; Shen, W.T.; Carty, S.E.; Lubitz, C.C.; Moalem, J.; Nehs, M.; Holm, T.; Greenblatt, D.Y.; Press, D.;
et al. A multi-institutional international study of risk factors for hematoma after thyroidectomy. Surgery 2013, 154, 1283-1289;
discussion 1289-1291. https://doi.org/10.1016/j.surg.2013.06.032.

10. Lang, B.H.; Yih, P.C,; Lo, C.Y. A review of risk factors and timing for postoperative hematoma after thyroidectomy: Is outpatient
thyroidectomy really safe? World ]. Surg. 2012, 36, 2497-2502. https://doi.org/10.1007/s00268-012-1682-1.

11. Lorenz, K; Sekulla, C.; Kern, J.; Dralle, H. Management of postoperative hemorrhage following thyroid surgery. Chirurg 2015,
86, 17-23. https://doi.org/10.1007/s00104-014-2818-7.

12. Healy, M.A.; Mullard, A.J.; Campbell, D.A,, Jr.; Dimick, J.B. Hospital and Payer Costs Associated with Surgical Complications.
JAMA Surg. 2016, 151, 823-830. https://doi.org/10.1001/jamasurg.2016.0773.

13. Dehal, A.; Abbas, A.; Al-Tememi, M.; Hussain, F.; Johna, S. Impact of surgeon volume on incidence of neck hematoma after

thyroid and parathyroid surgery: Ten years’ analysis of nationwide in-patient sample database. Am. Surg. 2014, 80, 948-952.

https://doi.org/10.3390/jcm15145396



J. Clin. Med. 2026, 15, 5396 17 of 17

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

Dixon, J.L.; Snyder, S.K.; Lairmore, T.C.; Jupiter, D.; Govednik, C.; Hendricks, ].C. A novel method for the management of post-
thyroidectomy or parathyroidectomy hematoma: A single-institution experience after over 4,000 central neck operations. World
J. Surg. 2014, 38, 1262-1267. https://doi.org/10.1007/s00268-013-2425-7.

Kleinberger, A.]J.; Spiegel, ].H. What is the best method for minimizing the risk of hematoma formation after rhytidectomy?
Laryngoscope 2015, 125, 534-536. https://doi.org/10.1002/lary.24685.

Grover, G.; Sadler, G.P.; Mihai, R. Morbidity after thyroid surgery: Patient perspective. Laryngoscope 2013, 123, 2319-2323.
https://doi.org/10.1002/lary.23850.

Burkey, S.H.; van Heerden, J.A.; Thompson, G.B.; Grant, C.S.; Schleck, C.D.; Farley, D.R. Reexploration for symptomatic
hematomas after cervical exploration. Surgery 2001, 130, 914-920. https://doi.org/10.1067/msy.2001.118384.

Dehal, A.; Abbas, A.; Hussain, F.; Johna, S. Risk factors for neck hematoma after thyroid or parathyroid surgery: Ten-year
analysis of the nationwide inpatient sample database. Perm. ]. 2015, 19, 22-28. https://doi.org/10.7812/TPP/14-085.

Weiss, A.; Lee, K.C,; Brumund, K.T.; Chang, D.C.; Bouvet, M. Risk factors for hematoma after thyroidectomy: Results from the
nationwide inpatient sample. Surgery 2014, 156, 399-404. https://doi.org/10.1016/j.surg.2014.03.015.

Strobl, C.; Malley, J.; Tutz, G. An introduction to recursive partitioning: Rationale, application, and characteristics of classification
and regression trees, bagging, and random forests. Psychol. Methods 2009, 14, 323-348. https://doi.org/10.1037/a0016973.

Edafe, O.; Cochrane, E.; Balasubramanian, S.P. Reoperation for Bleeding After Thyroid and Parathyroid Surgery: Incidence,
Risk Factors, Prevention, and Management. World J. Surg. 2020, 44, 1156-1162. https://doi.org/10.1007/s00268-019-05322-2.
Magand, F.; Nacher, M.; Cazorla, C.; Cambazard, F.; Marie, D.S.; Couppie, P. Predictive values of prurigo nodularis and herpes
zoster for HIV infection and immunosuppression requiring HAART in French Guiana. Trans. R. Soc. Trop. Med. Hyg. 2011, 105,
401-404. https://doi.org/10.1016/j.trstmh.2011.04.001.

Pruszynska, I. [Pre- and postoperative studies of the bacterial flora in chronic otitis media]. Otolaryngol. Pol. 1969, 23, 313-318.
Angus, R.; Leow, TW.; Humes, D.; Adiamah, A. The relationship between alcohol consumption and outcomes after
gastrointestinal ~ surgery: A  systematic review and meta-analysis. Alcohol.  Alcohol. 2025, 60, agaf002.
https://doi.org/10.1093/alcalc/agaf002.

Siech, C.; Gruber, A.; Wenzel, M.; Humke, C.; Karakiewicz, P.I.; Kluth, L.A.; Chun, F.K.H.; Hoeh, B.; Mandel, P. Cardiovascular
Disease and Chronic Pulmonary Disease Increase the Risk of Short-Term Major Postoperative Complications after Robotic-
Assisted Radical Prostatectomy. Medicina 2024, 60, 173. https://doi.org/10.3390/medicina60010173.

Klevebro, F.; Elliott, ].A.; Slaman, A.; Vermeulen, B.D.; Kamiya, S.; Rosman, C.; Gisbertz, S.S.; Boshier, P.R.; Reynolds, ].V.;
Rouvelas, L; et al. Cardiorespiratory Comorbidity and Postoperative Complications following Esophagectomy: A European
Multicenter Cohort Study. Ann. Surg. Oncol. 2019, 26, 2864-2873. https://doi.org/10.1245/s10434-019-07478-6.

Campbell, P.G.; Yadla, S.; Nasser, R.; Malone, J.; Maltenfort, M.G.; Ratliff, ] K. Patient comorbidity score predicting the incidence
of perioperative complications: Assessing the impact of comorbidities on complications in spine surgery. ]. Neurosurg. Spine
2012, 16, 37-43. https://doi.org/10.3171/2011.9.SPINE11283.

Mohtashami, S.; Richardson, K.; Forest, V.I.; Mlynarek, A.; Payne, R.J.; Tamilia, M.; Pusztaszeri, M.P.; Hier, M.P.; Sadeghi, N.;
Mascarella, M.A. Thyroidectomy for Graves’ Disease Predicts Postoperative Neck Hematoma and Hypocalcemia: A North
American cohort study. Ann. Otol. Rhinol. Laryngol. 2022, 131, 341-351. https://doi.org/10.1177/00034894211021288.

Rubio, G.A.; Koru-Sengul, T.; Vaghaiwalla, T.M.; Parikh, P.P.; Farra, J.C.; Lew, ].I. Postoperative Outcomes in Graves’ Disease
Patients:  Results from the Nationwide Inpatient Sample Database.  Thyroid 2017, 27, 825-83l.
https://doi.org/10.1089/thy.2016.0500.

DGAV. Thyroid Surgery Quality Assurance Registry of the German Association of Surgeons (DGAV); StuDoQ | Thyroid.
Available online: http://www.dgav.de/studoq.html (accessed on 1 March 2026).

Pepic, A.; Stark, M.; Friede, T.; Kopp-Schneider, A.; Calderazzo, S.; Reichert, M.; Wolf, M.; Wirth, U.; Schopf, S.; Zapf, A. A
diagnostic phase III/IV seamless design to investigate the diagnostic accuracy and clinical effectiveness using the example of
HEDOS and HEDOS I1. Stat. Methods Med. Res. 2024, 33, 433—448. https://doi.org/10.1177/09622802241227951.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcm15145396



