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and Ugur Selek

Predicting Teeth Extraction after Concurrent Chemoradiotherapy in Locally Advanced
Nasopharyngeal Cancer Patients Using the Novel GLUCAR Index
Reprinted from: Diagnostics 2023, 13, 3594, doi:10.3390/diagnostics13233594 . . . . . . . . . . . . 5
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Preface

Standard and cutting-edge biomarkers used for the diagnosis and evaluation of different

illnesses will be covered in this Special Issue. Emphasis will be placed on personalized medicine,

since this innovative strategy enables healthcare professionals to identify the most effective therapies

for each patient using diagnostic tests and biomarkers.

Evidence-based findings indicate that many medications are unsuccessful for some individuals;

as such, this method is crucial. Healthcare professionals can create individual preventative plans

and treatment plans by considering the patient’s medical history, as well as biomarkers throughout

the diagnosis process. This strategy benefits patients and the healthcare system, according to several

cost-effective studies.

Treatments that are customized for each patient offer both medical and financial benefits, making

them not only essential for patients and physicians, but also welcomed by regulatory agencies as well

as insurance providers.

Tudor Drugan and Daniel Leucuta

Editors
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1. Introduction

Personalized medicine, sometimes referred to as precision medicine, is a paradigm
shift in healthcare. This model is based on the concept of customizing prevention and
treatment approaches to particular cohorts of individuals, drawing on the genetic predispo-
sitions, lifestyle choices, and distinctive personal circumstances of individuals. Therefore,
uniform therapeutic modalities are not implemented across patient populations as they are
with conventional therapies; rather, individual patient characterization and comprehensive
pre-testing are emphasized to discern the optimal treatment avenue. Remarkably, tradi-
tional one-size-fits-all therapeutic concepts often ignore critical individual variables such
as genetic makeup, health status, age, and gender, hence resulting in variable treatment
outcomes, from remarkable efficacy to complete inefficiency.

Modern medical research has been increasingly devoted to pioneering individualized
diagnostic methodologies and pharmacotherapies personalized to the distinct needs of
each patient. Within this context, biomarkers specific to disease provide useful information
about the type, molecular etiology, and stage of a disease, leading the way for personalized
therapeutic intervention [1,2]. A biomarker can be measured quantitatively and is indicated
according to objective evidence representing a biological process, the stage of a disease, or
the response of an organism to a given therapeutic intervention.

These biomarkers include a wide array of biological substances or characteristics,
such as molecules, nucleic acids (DNA—Deoxyribonucleic Acid, mRNA—Messenger
Ribonucleic Acid), microRNA, small interfering RNA, proteins, proteoglycans, lipids,
sphingolipids, cells, and imaging features that are detectable and quantifiable in biological
samples such as blood, urine, tissues, or imaging scans [3,4].

In assessing patients’ health, biomarkers play a crucial role in several aspects:

• Disease Diagnosis: Biomarkers can assist in the early recognition and diagnosis of
disease, mainly in targeting molecular signatures or definite abnormalities that are
linked to a condition. For example, high levels of certain proteins in the blood could
signify cancer is present in the body.

• Prognosis of Disease: Biomarkers may also become useful information tools for prog-
nosis, that is, predicting how a disease is likely to develop or run its course. This is
able to help physicians estimate how the disease will progress over time, the risk of it
recurring, and overall survival rates, which all help to manage patients and aid in the
prescription of treatments.

• Choice of Treatment: Biomarkers can help to decide who may best be treated using a
particular therapy. Biomarker-guided therapy can hence select the right treatment for
the right patients based on individual characteristics so as to optimize the treatment
efficacy and minimize any adverse effects.

• Biomarker assessment can be used to monitor the response to treatment to longitu-
dinally capture its course and any deviations that occur in biological markers associ-
ated with disease progression or the therapeutic response from baseline to the final
round. In general, the use of biomarkers is increasing across the board and within
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different medical disciplines to further develop personalized medicine and deliver
precision healthcare.

The assessment of biomarkers in medical studies is systematically undertaken to esti-
mate validity, reliability, and clinical utility in light of providing an appropriate diagnosis,
prognosis, or prediction or following diagnosis progress. In terms of the process, biomarker
assessment generally includes some essential steps:

• Biomarker identification and selection: Relevant biomarker candidates are identified
based on preclinical studies, exploratory analyses, and literature reviews and should
be related to the indication of these studies, if relevant. A biomarker is a molecular,
cellular, or imaging-based characteristic that facilitates distinguishing between the
different stages of a disease and predicting the impact of therapeutic interventions.

• Analytical validation: This is how the technical performance characteristics of an assay
measuring biomarkers or of the method of measurement itself are examined. Here, the
parameters evaluated are the sensitivity, specificity, accuracy, precision, reproducibility,
and robustness of biomarker measurement to ensure its reliability across laboratories
and platforms.

• Validation of clinical utility: In addition to defining diagnostic or prognostic accuracy,
validation of a biomarker includes evaluation of its clinical utility, where clinical utility
means the impact of using a biomarker on patient management decisions, therapeutic
outcomes, and healthcare resource utilization.

• Long-term monitoring and further research: Following regulatory approval and adop-
tion into practice, monitoring and further research will have to continue with a view
to realizing in real-life settings what can be achieved using biomarker-guided inter-
ventions, including their long-term safety and effectiveness. Finally, the execution
of follow-up post-marketing surveillance, longitudinal observational studies, and
comparative effective research aimed at refining clinical algorithms and optimizing
the patient outcomes may be required.

In summary, assessing biomarkers in medical research involves a complex procedure
demanding rigorous scientific examination, clinical verification, and regulatory supervision
to guarantee their dependable and purposeful utilization in healthcare environments. Profi-
cient biomarker assessment has the potential to expedite the advancement of personalized
medicine methodologies, enhance clinical decision-making, and ultimately elevate the
quality of patient care.

2. Brief Overview and List of Contributions

The Special Issue of the MDPI scientific journal Diagnostics, entitled “Evaluating Novel
Biomarkers for Personalized Medicine”, will focus on this exact topic. Indeed, the eleven
articles in this issue cover a wide array of medical subfields, with a scope intended to be
widely applicable and demonstrative of the great importance of the research on biomarkers
in personalized healthcare. From predicting the treatment outcomes in cancer to assessing
inflammatory status in cardiovascular disease, important insights into how biomarkers
may transform clinical practice are provided.

For instance, the use of the newly developed GLUCAR Index is assessed for the
prediction of the risk of teeth extraction among nasopharyngeal cancer patients receiv-
ing chemoradiotherapy and of the inflammatory status of patients who have undergone
transcatheter aortic valve replacement due to symptomatic aortic stenosis using machine
learning techniques.

Further, the action of serum adropin levels in kidney transplant recipients; the prog-
nostic markers in patients suffering from chronic obstructive pulmonary disease and
COVID-19; and the effect of triiodothyronine and protein malnutrition on pulse wave
velocity in pre-dialysis patients with chronic kidney disease are all analyzed.

Furthermore, it includes pioneering research on the detection of optical coherence
tomography markers for multiple sclerosis diagnosis and management, histopathological
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biomarkers in coronavirus disease fatalities, and the value of immuno-histochemistry in
determining the prognosis for different liver cancers.

Lastly, discussed as newly developed biomarkers are chitotriosidase and neopterin for
the prognosis in gastric cancer; systemic inflammatory markers and their interaction with
glucose transporter expression in non-small-cell lung carcinoma; and salivary biomarkers
of anti-epileptic drugs.

These articles therefore indicate the evolving status of the research on biomarkers and
its vital involvement in driving personalized medicine, ultimately leading to much more
focused and effective patient care strategies.

3. Conclusions

In conclusion, biomarkers greatly contribute to correctly assessing a patient’s status
in personalized medicine, as they provide invaluable insight into individual biological
characteristics and the process of disease. Thus, according to the careful estimation of
biomarkers in individuals, healthcare providers are able to design treatment strategies,
optimize the therapeutical outcomes, and eventually provide improved patient care within
a new era of personalized medicine.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Predicting Teeth Extraction after Concurrent Chemoradiotherapy
in Locally Advanced Nasopharyngeal Cancer Patients Using the
Novel GLUCAR Index
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Abstract: To evaluate the value of the newly created GLUCAR index in predicting tooth extraction
rates after concurrent chemoradiotherapy (C-CRT) in locally advanced nasopharyngeal carcinomas
(LA-NPCs). Methods: A total of 187 LA-NPC patients who received C-CRT were retrospectively
analyzed. The GLUCAR index was defined as ′GLUCAR = (Fasting Glucose × CRP/Albumin Ratio)
by utilizing measures of glucose, C-reactive protein (CRP), and albumin obtained on the first day
of C-CRT. Results: The optimal GLUCAR cutoff was 31.8 (area under the curve: 78.1%; sensitivity:
70.5%; specificity: 70.7%, Youden: 0.412), dividing the study cohort into two groups: GLUCAR < 1.8
(N = 78) and GLUCAR ≥ 31.8 (N = 109) groups. A comparison between the two groups found that
the tooth extraction rate was significantly higher in the group with a GLUCAR ≥ 31.8 (84.4% vs.
47.4% for GLUCAR < 31.8; odds ratio (OR):1.82; p < 0.001). In the univariate analysis, the mean
mandibular dose ≥ 38.5 Gy group (76.5% vs. 54.9% for <38.5 Gy; OR: 1.45; p = 0.008), mandibular
V55.2 Gy group ≥ 40.5% (80.3 vs. 63.5 for <40.5%, p = 0.004, OR; 1.30), and being diabetic (71.8%
vs. 57.9% for nondiabetics; OR: 1.23; p = 0.007) appeared as the additional factors significantly
associated with higher tooth extraction rates. All four characteristics remained independent pre-
dictors of higher tooth extraction rates after C-CRT in the multivariate analysis (p < 0.05 for each).
Conclusions: The GLUCAR index, first introduced here, may serve as a robust new biomarker for
predicting post-C-CRT tooth extraction rates and stratifying patients according to their tooth loss risk
after treatment.

Keywords: nasopharyngeal cancer; tooth extraction; glucose; C-reactive protein; albumin

1. Introduction

Nasopharyngeal cancers (NPCs) rank as the 23rd most prevalent form of cancer
globally, with an approximate total of almost 130,000 new cases reported annually [1]. They
are highly aggressive malignant tumors that originate from the nasopharyngeal epithelium
and significantly contribute to the morbidity and mortality associated with head and neck
cancers. Despite significant progress in the field of diagnostic imaging and mass screening
techniques, the majority of NPC patients (70–75%) present with locally advanced disease
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(LA-NPCs) due to the peculiar location of the malignancy [2,3]. Definitive platinum-
based concurrent chemoradiotherapy (C-CRT) with intensity-modulated radiotherapy
(IMRT) has superseded radiation alone or sequential chemoradiotherapy regimens in the
treatment of medically fit LA-NPCs, as it has demonstrated a substantial improvement
in locoregional disease control and survival rates, as well as a notable reduction in most
severe toxicities [4,5].

In addition to its antitumor actions, high doses of ionizing radiation in the head and
neck region may also harm healthy tissues within or near the radiation field. These tissues
usually include the skin, muscles, oral mucosa, salivary glands, teeth, and upper and
lower jaw bones, some of which are unavoidably encompassed by the planning target
volume [6]. As a result, high doses of radiotherapy (RT) can cause a number of oral toxici-
ties, including radiation caries, osteoradionecrosis, hyposalivation, dysgeusia, dysphagia,
trismus, and tooth loss [7]. RT and C-CRT have been known to cause significant damage
to teeth, vascularization, and supporting tissues, inevitably leading to tooth extractions
and a decline in oral functions and related quality of life (QoL) measures [8]. Addition-
ally, pre-C-CRT tooth extractions have been recently shown to be associated with weight
loss > 5% during the C-CRT course in oropharyngeal cancer patients [9], a well-recognized
predictor of poorer survival outcomes in almost all solid cancers [10]. Therefore, tooth
loss before, during, or after oncological therapy may not only impair oral functioning
but also contribute to malnutrition and a poor disease prognosis. From this perspective,
it is essential to ascertain new biological indicators to precisely predict the likelihood of
tooth loss at any point throughout cancer treatment, which might facilitate the timely
implementation of preventative or therapeutic interventions for those at high risk.

Historically, little research has been conducted to investigate the impact of various
biomarkers on the occurrence of tooth loss after C-CRT and RT. In a study conducted
by Yilmaz et al. [11], it was demonstrated that among 263 patients with LA-NPC, those
with low pretreatment hemoglobin (Hb) levels (Hb ≤ 10.6 g/dL) had a higher incidence
of tooth extraction following C-CRT compared to those with high Hb levels (83.9% vs.
78.1% for Hb > 10.6 g/dL; p < 0.001). A separate investigation, including a cohort of
246 patients diagnosed with locally advanced squamous cell head and neck cancer, in-
dicated a significant correlation between the need for tooth extraction after C-CRT and
higher values of the systemic immune inflammation index (SII) measured before treatment
initiation (p = 0.001). This inflammatory biomarker reflects the congruence between the
patient’s inflammatory and immune status, regardless of the underlying cause, and was
more common in the group with the determined SII cutoff value (cutoff: 558) compared to
the group with lower values [12]. These studies have clarified that hypoxia-, immune-, and
inflammation-related biomarkers can predict tooth loss after C-CRT for people with head
and neck cancer, including LA-NPCs. Hence, further research in this field is now more
promising than ever before.

Periodontal disease and dental caries are the most common causes of tooth loss, and
inflammation plays a crucial role in both. Some inflammatory markers, such as high
glucose levels in the blood, can cause microvascular and macrovascular changes that
lead to periodontal disease and compulsory tooth extractions [13]. In a study conducted
by Suzuki et al., using the National Database of Health Insurance Claims and Specific
Health Checkups of Japan, it was shown that individuals belonging to the diabetes mellitus
(DM) group had a greater prevalence of tooth loss compared to those in the control group,
irrespective of gender [14]. Patients diagnosed with DM tended to lose their posterior teeth
at earlier ages than those in the control group. Additionally, individuals within the DM
cohort had a higher prevalence of tooth loss, irrespective of the presence or absence of
periodontal disease treatment. Similarly, elevated levels of C-reactive protein (CRP), an
established marker of acute and chronic inflammation, strongly indicate the presence of
destructive periodontal disease and inevitable tooth loss [15–18]. Another acute-phase
reactant protein that may be associated with tooth loss rates is albumin. Yoshihara et al.
found a significant correlation between the number of missing teeth in 5 or 10 years and
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decreased serum albumin levels in patients with low serum albumin levels [19]. Likewise,
the results of another study revealed that patients with hypoalbuminemia were at high risk
for root caries and related tooth loss [20].

Based on the robust findings of the studies mentioned above, it can be confidently
stated that elevated levels of glucose and CRP, along with reduced levels of albumin, serve
as highly accurate predictors of tooth loss rates following hyperinflammatory conditions,
including the LA-NPC patients undergoing definitive C-CRT. Therefore, motivated by the
compelling evidence, we hypothesized that the integration of pretreatment glucose (GLU)
and CRP-to-albumin ratio (CAR) measurements, namely, the GLUCAR index, should
provide improved predictive capabilities for the unavoidable tooth extractions in patients
with LA-NPC undergoing definitive C-CRT. Consequently, this retrospective research was
conducted to examine the significance of the newly proposed GLUCAR index in predicting
tooth loss rates after C-CRT in these patient groups.

2. Patients and Methods

2.1. Ethics, Consent, and Permission

The institutional review board of the Baskent University Medical Faculty approved
the retrospective study design before compiling any data (project no: DKA:19/39). Eli-
gible patients provided informed consent before undergoing oral and dental evaluations
and C-CRT, allowing for collecting and analyzing blood samples, sociodemographic and
medical data, dental X-rays, and academic presentations. This retrospective study was con-
ducted in collaboration between the Department of Radiation Oncology and the Dentistry
Clinics of the Baskent University Medical Faculty, and was approved by the institutional
review board.

2.2. Patient Population

The Dentistry Clinics at Baskent University’s Adana Research and Treatment Center
analyzed the records of LA-NPC patients who received C-CRT and had pre- and post-C-
CRT oral and dental examinations between February 2010 and January 2023. To be included
in this study, patients had to meet the following criteria: age of 18 years, histopathologic
evidence of squamous cell carcinoma, locally advanced disease as per the 8th edition of the
American Joint Cancer Committee (AJCC) cancer staging criteria, no previous history of
other cancers, no history of systemic chemotherapy or head and neck RT, and accessible
complete blood count and biochemistry test results before C-CRT. Access to pre- and post-C-
CRT dental and panoramic radiography examination records was an absolute requirement
for eligibility. Patients with tumor or lymph node invasion in the mandible, a previous
diagnosis of osteoradionecrosis of jaws or a history of jaw surgery, and the use of steroids
or other immune modifiers, as well as blood transfusions within 30 days before the start
of C-CRT were all ineligible for the study. Patients with active systemic inflammatory
diseases, such as rheumatological, nephritic, respiratory disorders, viral hepatitis, immune
suppressive, collagen vascular, chronic inflammatory, and glucose storage diseases, were
excluded from the study. These restrictions were deliberately implemented to reduce the
possibility of biased effects resulting from pre-existing inflammatory and immunological
diseases and medication usage. Furthermore, to mitigate the influence of their partiality
on the results, individuals with periodontitis, cardiovascular diseases, vascular disorders,
stroke, metabolic syndrome, and diabetes, which are among the variables that make
individuals more susceptible to tooth loss, were also eliminated from this research.

2.3. Baseline Oral Examination

All patients received a comprehensive dental evaluation from a skilled oral and
maxillofacial surgeon (ES) before C-CRT, following the guidelines of the American Dental
Association (ADA) and the US Food and Drug Administration (FDA) [21]. Radiographic
examinations were performed using panoramic scans as part of standard dental care for
every head and neck cancer patient following the instructions provided by the manufacturer
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(J Morita, Veraviewepocs 2D, Kyoto, Japan). All teeth were examined for dental caries
using World Health Organization criteria with illuminated and explorer mirrors [22]. Teeth
that had no periodontal support, were too decayed to be restored, and had apical lesions
that were too large to be treated with root canal treatment were extracted. Shallow tooth
decay lesions were treated with the use of dental fillings. The patients received instruction
on oral hygiene practices, and dental scaling procedures were conducted to promote the
ongoing maintenance and enhancement of oral hygiene.

2.4. GLUCAR Index Calculation and Measurement

We developed the novel GLUCAR index as ‘GLUCAR = [Fasting glucose (mg/dL) ×
CRP (mg/dL)/albumin (g/dL)]’ by using pretreatment glucose, CRP, and albumin measures
obtained from the standard complete blood count tests performed on the first day of the
C-CRT. The Abbott Architect c8000 Biochemistry Autoanalyzer (Abbott Architect c8000
Biochemistry Autoanalyzer, Abbott, Chicago, IL, USA) was used for pretreatment measure-
ments of fasting glucose, CRP, and albumin. The measurements were done following the
manufacturer’s instructions [23].

2.5. Chemoradiotherapy Protocol

The RT technique used for all patients was simultaneous integrated boost intensity-
modulated RT (SIB-IMRT), as previously described [11]. Coregistered imaging modalities,
including computed tomography (CT), 18-fluorodeoxyglucose–positron emission tomogra-
phy/CT (18-FDG-PET-CT), and magnetic resonance imaging (MRI), were used to delineate
target volumes. The RT dosages were as presented earlier [12]: high-, intermediate-, and
low-risk planning target volumes (PTV) received 70 Gy, 59.4 Gy, and 54 Gy, respectively, de-
livered in 33 daily fractions without treatment on weekends. Along with RT (every 21 days),
three cycles of concurrent chemotherapy using cisplatin and 5-fluorouracil were advised.
After C-CRT, all patients were advised to undergo two additional cycles of the identical
chemotherapy protocol as adjuvant therapy. Antiemetics, dietary recommendations, and
other supportive care were provided when necessary.

2.6. Follow-Up Oral Examination

The method described in the “Baseline oral examination” section was followed, and
subsequent oral and dental examinations were conducted according to the scheduled
timeline or as determined by clinical indications. Each patient’s clinical and radiological
examination data were recorded at post-C-CRT 1, 3, 6, 9, and 12 months, and subsequently
at every scheduled 6-month interval or whenever necessary. Based on the concepts high-
lighted in the “Baseline oral examination” section earlier, the treatment requirements for
each patient were determined and reported.

2.7. Statistical Analysis

The primary endpoint was the connection between pretreatment GLUCAR index
values and the requirement for tooth extractions during the post-C-CRT follow-up. The
description of continuous variables included medians and ranges, while categorical vari-
ables were represented via percentage frequency distributions. Appropriate statistical
analyses, such as the Chi-square test, Student’s t-test, or Spearman correlation, were used
to compare the groups of patients. We used receiver operating characteristic (ROC) curve
analysis to identify the pre-C-CRT cutoff(s) that could divide the entire research cohort into
two groups with different outcomes. A logistic regression analysis was performed to iden-
tify the variables with multivariate significance. All comparisons were two-tailed, and a
p ≤ 0.05 was considered significant.

3. Results

The current study examined 187 individuals diagnosed with LA-NPC who underwent
C-CRT and fulfilled the necessary inclusion criteria. The baseline patient and disease
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characteristics of the entire study cohort are shown in Table 1. The age range for the
total study was 18 to 78 years, with 56 years as the median age. The majority of study
participants were male (67.4%), and the majority had T3–4 tumors (54.5%) and N2–3 nodal
(63.6%) disease. In 67.9% and 57.8% of patients, respectively, there was a history of smoking
or alcohol consumption. All patients underwent pre-C-CRT dental extractions, with a
mean of 16 days (range: 10 to 22 days) between the tooth extractions and the initiation of
C-CRT. Out of all the patients, 20.3% had diabetes. The median fasting glucose measure was
97 mg/dL (range: 71–194 mg/mL). The median CRP and albumin measures were
5.3 mg/dL (range: 0.4–39.4 mg/dL) and 37.2 g/dL (range: 23.4–51.7 g/dL), respectively.

Table 1. Baseline and treatment characteristics for the entire study cohort and per GLUCAR
index groups.

Characteristics
All Patients

(N = 187)
GLUCAR Index < 31.8

(N = 78)
GLUCAR Index ≥ 31.8

(N = 109)
p Value

Median age, years (range) 56 (18–78) 61 (18–77) 54 (18–78) 0.10

Age group
≥56 99 (52.9) 30 (38.5) 69 (63.3) 0.001
<56 88 (47.1) 48 (61.5) 40 (36.7)

Gender, N (%)
Female 61 (32.6) 29 (37.2) 32 (29.4) 0.23
Male 126 (67.4) 49 (62.8) 77 (70.6)

Smoking status, N (%)
Yes 127 (67.9) 49 (62.8) 78 (71.6) 0.27
No 60 (32.1) 29 (37.2) 31 (28.4)

Alcohol consumption, N (%)
Yes 79 (42.2) 32 (53.8) 47 (43.1) 0.88
No 108 (57.8) 46 (46.2) 62 (56.9)

Median number of pre-CCRT
tooth extraction, N (%), (range) 4 (1–11) 4 (1–11) 4 (1–9) 0.3

Median tooth extraction time to
C-CRT, days (range) 16 (10–22) 16 (10–22) 16 (12–22) 0.41

T-stage group, N (%)
1–2 85 (45.5) 42 (53.8) 43 (39.4) 0.06
3–4 102 (54.5) 36 (46.2) 66 (60.6)

N-stage group, N (%)
0–1 68 (36.4) 31 (39.7) 37 (33.9) 0.44
2–3 119 (63.6) 47 (60.3) 72 (66.1)

Median fasting glucose, mg/dL 97 (71–194) 93 (71–156) 104 (85–194) 0.03

Diabetes mellitus status, N (%)
Yes 38 (20.3) 11 (14.1) 27 (24.8) 0.01
No 149 (79.7) 67 (85.9) 82 (75.2)

Median CRP, mg/dL 5.3 (0.4–39.4) 3.4 (0.4–26.4) 6.1 (2.6–39.4) 0.002

Albumin, g/dL 37.2 (23.4–51.7) 41.7 (24.1–50.6) 32.2 (23.4–51.7) 0.008

Abbreviations: C-CRT, concurrent chemoradiotherapy; T, tumor; N, node; mg, milligram; dL, deciliter; g, gram.

The mean follow-up time was 48.3 months (range: 6–154.6 months). A total of 148 pa-
tients (79.1%) received two to three cycles of concurrent chemotherapy, while 136 patients
(72.7%) received one to two cycles of adjuvant chemotherapy (Table 2). Tooth extraction
was performed in 69.0% of patients during the follow-up period.
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Table 2. The connection between postconcurrent chemoradiotherapy characteristics of the whole
study group and two GLUCAR index groups.

Characteristics
All Patients

(N = 187)
GLUCAR Index < 31.8

(N = 78)
GLUCAR Index ≥ 31.8

(N = 109)
p-Value

Concurrent chemoradiotherapy
cycles, N (%)

1 39 (20.9) 13 (16.7) 26 (23.9) 0.18
2–3 148 (79.1) 65 (83.3) 83 (76.1)

Adjuvant chemoradiotherapy
cycles, N (%)

0 51(27.3) 19 (24.4) 32 (29.3) 029
1–2 136 (72.7) 59 (75.6) 77 (707)

Median MMPD; Gy (range) 46.8 (30.4–73.4) 46.3 (31.7–71.6) 47.4 (30.4–73.4) 0.51

Post-CCRT tooth extraction, N (%)
Absent 58 (31.0) 41 (52.6) 17 (15.9) <0.001
Present 129 (69.0) 37 (47.4) 92 (84.1)

Median post-C-CRT extracted
tooth, N (range) 1 (0–6) 0 (0–4) 1 (0–6) <0.001

Median time from C-CRT to tooth
extraction, mo. (range) 7 (2–19) 6 (5–18) 9 (2–19) 0.003

Time of post-CCRT tooth
extraction, N (%) *

≤6 68 (52.7) 19 (51.4) 49 (53.3) 0.50
>6 61 (47.3) 18 (48.7) 43 (46.7)

MMD, Gy (range) 33.2 (10.1–50.4) 33.9 (10.7–50.4) 32.6 (10.1–50.1) 0.39

MMD group, N (%)
<38.5 Gy 102 (54.5) 43 (55.1) 59 (54.1) 0.72
>38.5 Gy 85 (45.5) 35 (44.9) 50 (45.9)

V55.2 Gy group, N (%)
<40.5% 126 (67.4) 53 (67.9) 73 (67.0) 0.69
≥40.5% 61 (32.6) 25 (32.1) 36 (33.0)

Abbreviations: MMPD, median maximum mandibular point dose; Gy, gray; C-CRT, concurrent chemoradio-
therapy; MMD, mean mandibular dose; V, volume. Note: * For 129 patients who underwent post-C-CRT tooth
extraction (for the GLUCAR index < 31.8 group (N = 37) and the GLUCAR index ≥31.8 group (N = 92)).

ROC curve analysis was used to determine fitting cutoff values for continuous vari-
ables, including the mean MMD, GLUCAR index, and Vx, for their potential interactions
with post-C-CRT tooth extraction rates (Table 3). The GLUCAR index had an optimal cutoff
point of 31.8 (AUC: 78.1%; sensitivity: 70.5%; specificity: 70.7%, Youden: 0.41), which
divided the population into two groups with significantly different tooth extraction rates:
the GLUCAR < 31.8 (N = 78) and GLUCAR ≥ 31.8 (N = 109) groups (Figure 1). Based on
the data presented in Tables 1 and 2, it can be confidently stated that the distribution of
pre-C-CRT characteristics and treatment features was almost identical between the two
GLUCAR groups. However, a comparison between the two GLUCAR groups found that
the rate of tooth extraction after C-CRT was significantly higher in patients with a GLUCAR
≥31.8 compared to those with a GLUCAR < 31.8 (84.4% vs. 47.4%; OR: 1.82; p < 0.001).
Additional ROC analysis was executed to explore the existence of any potential correlations
between the mean mandibular dose (MMD), Vx, and tooth extraction rates. The results
indicated that the ideal cutoffs were 38.5 Gy (AUC: 74.6%; sensitivity: 73.7%; specificity:
70.4%; Youden: 0.44) for MMD and 40.5% for V55.2 Gy (AUC: 80.7%; sensitivity: 78.2%;
specificity: 75.6%; Youden: 0.54). Highlighting the strong correlations between the dosimet-
ric parameters and tooth losses after C-CRT, tooth extraction rates were significantly higher
in the MMD 38.5 Gy and V55.2 Gy ≥ 40.5% groups as compared to their MMD < 38.5 Gy
and V55.2 Gy < 40.5% counterparts, respectively.
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Table 3. The univariate and multivariate results.

Factors Post-C-CRT TE (%)
Univariate

p-Value
Multivariate

p-Value
OR

Age group (≥56 y vs. <56 y) 68.2 vs. 69.7 0.86 - 0.97 (0.91–1.15)

Gender (female vs. male) 67.7 vs. 73.0 0.94 - 0.83 (0.67–1.42)

Smoking status (yes vs. no) 70.1 vs. 66.7 0.74 - 1.06 (0.82–1.28)

Alcohol consumption (yes vs. no) 71.2 vs. 65.6 0.27 - 1.09 (0.92–1.23)

T-stage group (3–4 vs. 1–2) 70.4 vs. 67.8 0.33 - 1.11 (0.84–1.37)

N-stage group (2–3 vs. 0–1) 74.3 vs. 64.6 0.20 - 1.15 (0.94–1.38)

Concurrent chemotherapy cycles (2–3 vs.1) 70.3 vs. 59.4 0.026 0.084 1.28 (0.97–1.96)

Adjuvant chemotherapy cycles (1–2 vs. 0) 72.1 vs. 60.8 0.16 - 1.16 (0.93–1.37)

MMD group (≥38.5 Gy vs. <38.5 Gy) 76.5 vs. 54.9 0.008 0.014 1.45 (1.20–1.96)

Mandibular V55. 2 Gy group (≥40.5% vs. <40.5%) 80.3 vs. 63.5 0.004 <0.001 1.30 (1.10–1.6)

Diabetes mellitus group (present vs. absent) 71.8 vs.57.9 0.007 0.007 1.23 (1.12–1.4)

GLUCAR index group (≥31.8 vs. <31.8) 84.4 vs. 47.4 <0.001 <0.001 1.82 (1.47–2.33)

Abbreviations: C-CRT, concurrent chemoradiotherapy; TE, tooth extraction; y, year; T, tumor; N, node; MMD,
mean mandibular dose; Gy, gray; V, volume; OR, odds ratio.

 
Figure 1. The results of a receiver operating characteristic (ROC) curve analysis investigating the
relationship between pretreatment GLUCAR index values and tooth extraction rates after concurrent
chemoradiotherapy (AUC: 78.1%; sensitivity: 70.5%; specificity: 70.7%, Youden: 0.41). Bule line
represents Receiver Operating Curve; Red line represents no discrimination line.

In the univariate analysis, a statistically significant association was observed between
the rates of tooth extraction after C-CRT and the MMD ≥ 38.5 Gy group (76.5% vs. 54.9%
for <38.5 Gy, p = 0.008, OR: 1.45), the mandibular V55.2 Gy ≥ 40.5% group (80.3% vs.
63.5% for <40.5%, p = 0.004, OR: 1.30), and the presence of DM (71.8% vs. 57.9% for absent,
p = 0.007, OR: 1.23). As shown in Table 3, the results of multivariate analyses indicated that
each of the four characteristics examined remained significant and independent predictors
of higher tooth extraction rates in patients with LA-NPC treated with definitive C-CRT
(p < 0.05 for each) (Figure 2).
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Figure 2. The bar chart showing post-C-CRT tooth extraction rates per factor demonstrated inde-
pendent significance in multivariate analyses. Abbreviations: V, volume; Gy, gray; MMD, mean
mandibular dose.

4. Discussion

The major objective of this study was to determine whether the incidence post-C-CRT-
TE rates in patients with LA-NPC who had definitive C-CRT could be predicted using the
GLUCAR index. In this research, we made a first attempt to investigate the association
in this patient population. The findings of our study showed that the novel pretreatment
GLUCAR index was successful in dividing LA-NPC patients into two groups based on
their likelihood of requiring tooth extractions following C-CRT (p < 0.001).

The most significant finding of our investigation was the discovery of the pre-C-CRT
GLUCAR index as a novel and efficacious biomarker for predicting tooth extractions after
C-CRT in patients with LA-NPC. Accordingly, the incidence of C-CRT tooth extraction
rates was significantly higher in GLUCAR ≥ 31.8 patients than in their GLUCAR < 31.8
counterparts (84.4 vs. 47.4%, OR: 1.82; p < 0.001). This finding suggests that the GLUCAR
index can divide such patients into two risk groups for post-C-CRT tooth extractions,
which may guide the prompt implementation of preventive measures in patients with a
higher risk of tooth loss. Although it is a challenging task to discuss these first-of-its-kind
results comparatively, studies on the effects of the components of this unique index may
help form a rational scientific basis for them. Elevated glucose levels are correlated with
persistent chronic infection, inflammation, periodontitis, and increased radiosensitivity in
most tissues, including the mandible. Moreover, hyperglycemia leads to the overproduction
of glycoproteins that coat the epithelial linings and have the potential to cause thickening
and obstruction of blood vessels [24]. These factors contribute to compromised immune
responses and delayed healing mechanisms in the affected tooth apex, root, and alveolar
ligaments, ultimately resulting in tooth loss [25]. Hyperglycemic patients are at a higher
risk of developing dental caries and experiencing tooth loss, even in the absence of RT,
because of the reduced salivary flow rates and elevated glucose levels in the saliva, which
are expected to be further exacerbated when RT is present [26,27]. In confirmation, a
recent meta-analysis conducted by Weijdijk and colleagues confirmed that patients with
DM have a 1.63 times (p < 0.00001) higher risk of tooth loss compared to individuals
without diabetes [28]. Similarly, according to Kuo et al., patients with HNC and DM
who received C-CRT were more susceptible to infection, hematological toxicity, weight
loss, and treatment-related mortality than those without DM, indicating that DM causes
hypersensitivity to RT [29]. Above findings are also supported by the observation of
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significantly higher tooth extractions in the DM group than their nondiabetic counterparts
(71.8% vs. 57.9%; OR: 1.23; p = 0.007).

The second and third components of the GLUCAR index are CRP and albumin, which
can be examined separately or as a combination of them, namely, the CRP-to-albumin
ratio (CRP/albumin). The anabolic process of CRP is heightened under inflammatory
conditions, in contrast to the catabolic breakdown of albumin. As a result, there is a
well-established and robust inverse correlation between the levels of CRP and albumin.
Indeed, it has been observed that the liver responds promptly to a single inflammatory
stimulus by synthesizing CRP and causing a rapid increase in its levels [30]. However,
the reactionary release of TNF-α and IL-6 in response to this stimulus leads to a decrease
in serum albumin levels, which can be attributed to an increase in the breakdown of
albumin and a reduction in its synthesis in the liver [31]. Previous investigations have
revealed that CRP plays a vital role in the development of periodontitis, a significant cause
of tooth loss, by causing the production of inflammatory mediators, such as IL-1, IL-6,
and TNF-α [32–35]. Considering the albumin, previously, two studies by Yoshihara et al.
established a significant connection between hypoalbuminemia and the number of missing
teeth in 5 or 10 years [19], and the risk of root caries and related tooth loss [20]. Furthermore,
Ando et al. [36] conducted a study using data from a large-scale community-based Japanese
population, revealing a significant correlation between decreased albumin levels and an
elevated likelihood of experiencing tooth loss. Low albumin levels that signify malnutrition
and exacerbated inflammation may be the root cause of tooth extraction, as these two factors
may adversely impact the teeth and supporting tissues, ultimately leading to the need
for extraction [37,38]. The study conducted by Keinänen et al. investigated the influence
of an elevated CRP/albumin ratio on patients. The findings revealed that those who
had tooth loss exhibited a notably higher CRP/albumin ratio compared to those without
tooth loss [39]. Therefore, although the exact mechanism may be more complex, available
research findings and those presented here cumulatively suggest that the high GLUCAR
levels may indicate a poorer inflammatory, immune, and nutritional status, which may
lead to higher tooth loss rates after C-CRT in LA-NPC patients.

Another vital implication of our findings may be that a high pretreatment GLUCAR
index may behave either as an early sign of occult tooth, periodontal tissue, or jaw bone
pathologies, or a surrogate marker of radiation or chemoradiation hypersensitivity of these
tissues in such patients. This remark is supported by an earlier study investigating the
utility of pretreatment SII, another immune–inflammation marker, in predicting teeth caries
and the need for tooth extraction after C-CRT in locally advanced HNC patients [12]. The
researchers of this study discovered a positive correlation between a high pretreatment
SII measure and a statistically significant rise in the post-treatment tooth extraction rates
group (77.1% for SII > 558 vs. 51.4% for SII ≤ 558; rs: 0.89; HR: 1.68; p = 0.001). In this
particular context, it is possible that future research endeavors will validate these findings
by performing correlative analyses between the radiomic and proteomic characteristics and
immune–inflammation indices. This approach has the potential to improve the predictive
capability of the results, particularly if it leads to the development of novel nomograms
that exhibit high levels of predictive sensitivity and specificity.

The present investigation identified two additional parameters significantly associated
with tooth extraction rates after C-CRT. These factors were MMD ≥ 38.5 Gy (76.5% vs.
54.9% for <38.5 Gy; OR: 1.45; p = 0.008) and mandibular V55.2 Gy ≥ 40.5% (80.3 vs. 63.5
for <40.5%; OR: 1.30; p = 0.004). Although the cutoff values differ, these results are well
concordant with previous research suggesting higher tooth loss rates with increasing MMD
and mandibular Vx values. The study carried out by Gomes-Silva et al. [40] examined
the correlation between three distinct RT dosage levels (<30 Gy, 30–60 Gy, and >60 Gy)
and the occurrence of tooth extraction after RT in patients with HNC. The likelihood of
tooth extraction was found to be nearly three times higher with doses > 60 Gy compared
to doses < 60 Gy (p < 0.001). Furthermore, an earlier investigation showed that the first
degradation of the dental hard tissues became apparent even at doses between 30 and
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60 Gy [41]. Research has indicated that the higher demand for tooth extraction following
high RT doses can be attributed to several factors. RT leads to the development of porous
areas in the enamel, resulting in a significant loss of the surface enamel and the protective
coating it provides, which exposes the underlying dentin and impairs the natural reminer-
alization process. Additionally, teeth may lose their resistance to acids and bacteria, as
RT reduces the capacity of saliva to buffer acids, decreases the presence of antimicrobial
antibodies and proteins, and diminishes salivary flow [40–42]. In addition, a study reported
that most of the tooth loss occurring in the post-RT period occurred due to periodontal
disease, apical periodontitis, and radiation caries, where high doses of RT may facilitate
the development and progression of all these conditions [40]. While acknowledging the
lack of a comparable study, the existing indirect evidence substantiates the findings of
our investigation. In the research conducted by Yilmaz et al., it was observed that, out of
210 patients with LA-NPC, 174 individuals (84.8%) who underwent an MMD > 44.2 Gy had
at least one tooth extraction during the post-C-CRT interval [43]. Similarly, a separate study
demonstrated that 209 (79.5%) of 263 patients who underwent an MMD > 36.2 Gy and a
V59.8 Gy > 36% reported tooth extraction in the post-C-CRT period [11]. Therefore, based
on the findings of various studies, it is advisable to focus on minimizing the RT doses that
affect the teeth and their surrounding structures, which can help reduce the likelihood of
tooth loss after treatment, ultimately leading to an improved QoL for such patients.

The current investigation faces several limitations. First, the research relied on data
obtained from retrospective analyses conducted inside a single institution with a relatively
small study population. This characteristic introduces the possibility of inadvertent se-
lection biases often associated with studies of this kind. Second, the lack of a validation
cohort may have constrained our capacity to provide more robust interpretations of our
findings. This limitation mainly stems from the restricted sample size of patients included
in our study. Third, because our research only considered measurements taken at a single
time point, the first day of C-CRT, it is crucial to assume that the existing cutoff values of
GLUCAR may not accurately represent the optimal threshold for the best-fit risk strati-
fication of LA-NPC patients. This is due to the potential for dramatic fluctuations of the
blood albumin, CRP, and glucose levels during and after C-CRT. And fourth, we may have
missed the opportunity to ascribe any plausible mechanistic associations between a cohort
exhibiting an elevated GLUCAR score and the levels of cytokines/chemokines, nutritional
status, and immune–inflammatory factors, such as IL-1, IL-6, and TNF-α. As a result, it
is important to consider that the conclusions presented in this study should be seen as
hypothetical rather than definitive recommendations until more well-designed large-scale
research studies addressing these concerns provide supporting evidence. Nevertheless,
the newly developed GLUCAR index components are easy to acquire and calculate, are
affordable, and have reproducible factors, rendering it a suitable candidate biomarker for
routine clinical use. Hence, despite the abovementioned constraints, the recently developed
GLUCAR index can categorize LA-NPC patients into high- and low-risk groups based
on their probability of experiencing tooth loss after C-CRT. Therefore, if confirmed with
further research, its routine use may lead to close monitoring of high-risk patients and
prompt implementation of proactive measures to avoid tooth loss at earlier stages.

5. Conclusions

The present research results demonstrate that the newly developed GLUCAR index
is a dependable biomarker that successfully predicts the occurrence rates of post-C-CRT
tooth extractions in patients with LA-NPC. This novel biological indicator may represent a
significant milestone in identifying high-risk patients and may pave the way for the design
of potent preventive measures and follow-up algorithms if further studies validate the
results presented here.
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Abstract: (1) Background: Although transcatheter aortic valve replacement (TAVR) significantly
improves long-term outcomes of symptomatic severe aortic stenosis (AS) patients, long-term mortality
rates are still high. The aim of our study was to identify potential inflammatory biomarkers with
predictive capacity for post-TAVR adverse events from a wide panel of routine biomarkers by
employing ML techniques. (2) Methods: All patients diagnosed with symptomatic severe AS and
treated by TAVR since January 2016 in a tertiary center were included in the present study. Three
separate analyses were performed: (a) using only inflammatory biomarkers, (b) using inflammatory
biomarkers, age, creatinine, and left ventricular ejection fraction (LVEF), and (c) using all collected
parameters. (3) Results: A total of 338 patients were included in the study, of which 56 (16.5%)
patients died during follow-up. Inflammatory biomarkers assessed using ML techniques have
predictive value for adverse events post-TAVR with an AUC-ROC of 0.743 and an AUC-PR of 0.329;
most important variables were CRP, WBC count and Neu/Lym ratio. When adding age, creatinine
and LVEF to inflammatory panel, the ML performance increased to an AUC-ROC of 0.860 and an
AUC-PR of 0.574; even though LVEF was the most important predictor, inflammatory parameters
retained their value. When using the entire dataset (inflammatory parameters and complete patient
characteristics), the ML performance was the highest with an AUC-ROC of 0.916 and an AUC-PR of
0.676; in this setting, the CRP and Neu/Lym ratio were also among the most important predictors of
events. (4) Conclusions: ML models identified the CRP, Neu/Lym ratio, WBC count and fibrinogen
as important variables for adverse events post-TAVR.

Keywords: inflammatory markers; machine learning; transcatheter aortic valve replacement

1. Introduction

Degenerative aortic valve stenosis (AS) is the most commonly acquired valvular heart
disease and its prevalence increases with an ageing population [1]. Once AS becomes
symptomatic, a poor prognosis is observed, with a survival rate of 30% at 5 years [2]. The
only treatment option for decades was surgical aortic valve replacement (SAVR) with good
long-term prognosis in ideal candidates. However, the operative risk is heterogenous, signif-
icantly increasing with old age and association of cardiac or non-cardiac comorbidities [3],
leading to a deferral from SAVR in a third of the patients with symptomatic AS [4]. Tran-
scatheter aortic valve replacement (TAVR) procedure, which was only relatively recently
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introduced in clinical practice, is nowadays generally accepted as the new standard of
care for patients with symptomatic severe AS who are not candidates for open surgery [5].
Although TAVR significantly improves the long-term outcomes of symptomatic severe
AS patients, reported 3-years mortality rates are roughly 40% [6,7]. Thus, identifying
predictors of adverse events post-TAVR, especially modifiable parameters, is a major
clinical desiderate.

Severe AS diagnosis is performed using transthoracic echocardiographic evaluation
of the mean aortic transvalvular gradient, peak aortic transvalvular velocity, and aortic
valve area [8]. In certain clinical conditions, echocardiography is not enough, and cardiac
computed tomography contributes to the final diagnosis. Severe AS is diagnosed in the
following three clinical presentations [8]: (1) High-gradient AS—mean aortic transvalvular
gradient above 40 mmHg, peak aortic transvalvular velocity above 4.0 m/s, and aortic
valve area less than 1 cm2. All high-gradient AS cases are considered severe AS, irrespective
of left ventricular ejection fraction (LVEF) or LV flow conditions. (2) Low-flow, low-gradient
AS, reduced LVEF—mean aortic transvalvular gradient below 40 mmHg, aortic valve area
less than 1 cm2, a LVEF below 50% and an indexed stroke volume less than 35 mL/m2. This
clinical instance requires further investigation to determine whether the low aortic valve
area is due to low-flow conditions and a dobutamine test should be performed. If under
dobutamine, the aortic valve area remains under 1 cm2 with a minimum of 20% increase
in stroke volume, severe AS can be considered. (3) Low-flow, low-gradient AS, preserved
LVEF—mean aortic transvalvular gradient below 40 mmHg, aortic valve area less than
1 cm2, a LVEF above 50% and an indexed stroke volume less than 35 mL/m2. The definite
diagnosis of severe AS is relatively more difficult and prognosis of this clinical form of
AS is similar to high-gradient AS [9], although this clinical instance is less frequent. High
degrees of aortic valve calcifications at cardiac computed tomography provide important
further diagnostic elements [8].

Machine learning (ML) techniques were described decades ago [10], but only recently
gained exponential attention because of the increase in computational power and the
availability of big data [11]. Machine learning techniques include, but are not limited
to, algorithms such as random forest, gradient boosting machines or support vector ma-
chines [12]. Machine learning models differ from classical statistical methods such as
logistical regression by their capacity to make predictions on unseen data [12]. Machine
learning models can be used to perform either classification (binary or multiclass predic-
tions) or regression (predicting a value). The use of ML techniques is appealing because it
can effectively handle non-linearity and find complex interaction patterns among numerous
variables, thus offering the potential to improve prediction accuracy [12,13]. However,
due to its underlying mathematical complexity, ML models are difficult to interpret, being
considered a black box [14]. In cardiovascular medicine, ML models can identify complex
interactions among clinical variables and make an accurate event prediction [15]. The aim
of our study was to identify potential inflammatory biomarkers with predictive capacity
for post-TAVR event prediction from a wide panel of routine biomarkers by employing
ML techniques.

2. Materials and Methods

All patients diagnosed with symptomatic severe AS and treated by TAVR since January
2016 at the Emergency Institute for Cardiovascular Diseases and Transplantation of Târgu
Mureş were included in the present study. Patient data was retrospectively collected and
included baseline demographic characteristics, cardiovascular risk factors, comorbidities,
laboratory parameters on admission, echocardiographic parameters, coronary anatomy
parameters, TAVR-related parameters, and clinical post-procedural evolution. A total of
93 clinical parameters were included in the ML analysis. Patients were not eligible for
TAVR procedure if certain criteria were present, such as active infection, severe comorbidi-
ties, a high grade of frailty, severely reduced cognitive function, or limited life expectancy,
consistent with our institutional TAVR protocol. The Romanian National Health Insur-
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ance System database supplied mortality rates for all the patients. For patients who had
died during follow-up, the Regional Statistics Office of the Romanian National Institute
of Statistics supplied the exact date and cause of death according to the tenth revision
of the International Classification of Diseases (ICD-10). All included patients completed
informed consent forms. The study was approved by the ethical committee of our insti-
tution. The protocol was carried out in accordance with the ethical principles for medical
research involving human subjects established by the Declaration of Helsinki, protecting
the confidentiality of personal information of the patients.

2.1. Machine Learning

A gradient boosting algorithm (XGBoost) was used to train (1) a model as a binary
classifier for predicting 3-year all-cause cause mortality and (2) an accelerated failure time
(AFT) model to predict survival. Open-source XGBoost native package was implemented
in Python version 3.9. The model was trained using a 5-fold cross-validation technique.
Predictions from the testing dataset for all 5 folds were pooled when performance was
assessed. Hyperparameter optimization was obtained using grid search technique. No
conversion of any data to a specific format was performed and one-hot encoding was
used when dealing with categorical variables. Prediction interpretation and visualization
was performed using open-source Shapley additive explanations (SHAP) framework that
was also implemented in Python version 3.9. Three separate analyses were performed:
(1) an analysis using only inflammatory biomarkers, (2) an analysis using inflammatory
biomarkers, age, creatinine, and left ventricular ejection fraction (LVEF), and (3) an analysis
using all collected parameters.

2.2. Statistical Analysis

A significance level α of 0.05 and a 95% confidence interval (CI) were considered.
Continuous variables were evaluated for normal distribution using the Shapiro-Wilk test.
Continuous variables with parametric distributions were reported as mean ± standard
deviation and compared using a non-paired or paired Student t-test, while continuous
variables with non-parametric distributions and discrete variables were reported as the
median (interquartile range) and compared using a Mann–Whitney or Wilcoxon test. Cate-
gorical variables were reported as absolute and relative frequencies and compared using
Fisher exact test for variables with frequencies of less than 5, and a Chi2 test otherwise. The
prediction performance of ML models were evaluated using multiple performance metrics:
area under the receiver–operator characteristic (AUC-ROC), area under the precision–recall
curve (AUC-PR). Statistical analysis was performed using R version 4.1.1 and R Studio
version 1.4.17.

3. Results

A total number of 338 patients were included, of which 204 (60.3%) were males, with
a median age of 76 (72–80) years and median body mass index of 29.01 ± 4.48 kg/m2. The
baseline characteristics of the studied population are reported in Table 1 and the survival
curve is illustrated in Figure 1.

During follow-up, a total of 56 (16.5%) patients died, of which 3 (0.8%) patients suffered
in-hospital death during their initial hospitalization for the TAVR procedure. There was no
patient–prosthesis mismatch in the studied population.

Echocardiographic parameters are reported in Table 2. Among significant echocardio-
graphic parameters besides LVEF, left ventricular end-diastolic diameter (LVEDD) was also
higher among patients who died during follow-up, while baseline aortic gradients were
not predictive of death.

Cardiac computed tomography parameters relevant for the TAVR population are
reported in Table 3. Interestingly, none of the baseline LVOT or aortic root parameters were
predictive of adverse events, while a higher calcium score of the left main coronary artery
was predictive of impaired survival.
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Table 1. Baseline characteristics of the studied population.

Parameter
Entire Population

(n = 338)
Alive at 3 Years

(n = 282)
Deceased at 3 Years

(n = 56)
p

Age (years) 76 (71–80) 76 (71–80) 78 ± 6 0.01

BMI (kg/m2) 29.01 ± 4.48 29.28 ± 4.52 26.02 ± 2.65 0.08

Male sex 204 (60.3%) 171 (60.6%) 33 (58.9%) 0.88

LVEF (%) 50 (40–60) 50 (40–60) 40 (35–55) 0.001

DCM 33 (9.76%) 22 (7.8%) 11 (19.64%) 0.01

CAD 202 (59.76%) 165 (58.51%) 37 (66.07%) 0.37

Previous MI 21 (6.21%) 16 (5.67%) 5 (8.93%) 0.36

Previous PCI 183 (54.1%) 151 (53.5%) 32 (57.1%) 0.66

Previous CABG 12 (3.55%) 10 (3.55%) 2 (3.57%) 0.99

Hypertension 270 (79.88%) 229 (81.21%) 41 (73.21%) 0.20

Diabetes mellitus 104 (30.77%) 79 (28.01%) 25 (44.64%) 0.01

Atrial fibrillation 99 (29.29%) 79 (28.01%) 20 (35.71%) 0.26

Stroke 19 (5.62%) 15 (5.32%) 4 (7.14%) 0.26

COPD 22 (6.51%) 19 (6.74%) 3 (5.36%) 0.99

BMI—body mass index; CABG—coronary artery bypass graft; CAD—coronary artery disease; COPD—chronic
obstructive pulmonary disease; DCM—dilated cardiomyopathy; LVEF—left ventricular ejection fraction; MI—
myocardial infarction; PCI—percutaneous coronary intervention.

p < 0.001 

Figure 1. Survival curve for the studied population (left) and partial effects of age on survival (right).

Table 2. Comparison between pre-procedural echocardiographic parameters among studied groups.

Parameter
Entire Population

(n = 338)
Alive at 3 Years

(n = 282)
Deceased at 3 Years

(n = 56)
p

LVEDD (mm) 50 (45–55.75) 50 (45–55) 54.05 ± 7.41 0.03

RVEDD (mm) 28 (24.75–32) 28 (24–31.25) 28.98 ± 6.22 0.45

PWT (mm) 13 (11–14) 13 (11–13.25) 12 (11.75–14) 0.23

IVST (mm) 14 (12–16) 14 (12–16) 14 (12–15) 0.65

Aortic annulus (mm) 21 (19–22) 21 (19–22) 21 (20–22) 0.49

Ascending aorta (mm) 33 (27–36) 33 (21–36) 33 (30.75–36.25) 0.98

LVOT diameter (mm) 20 (18–21) 20 (18–21) 20.65 ± 1.93 0.07
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Table 2. Cont.

Parameter
Entire Population

(n = 338)
Alive at 3 Years

(n = 282)
Deceased at 3 Years

(n = 56)
p

LA diameter (mm) 43 (37.75–47) 43 (36.75–47) 45 (39–49.25) 0.06

RA diameter (mm) 20 (15–30.75) 20 (15–29) 27.6 ± 16.31 0.23

Maximum gradient (mmHg) 71 (52.5–81) 72 (54.5–81.5) 66 (43.25–75.25) 0.42

PHT (ms) 300 (50–461) 270 (51.5–459) 335 (48.25–472.5) 0.44

LA—left atrium; LVEDD—left ventricular end-diastolic diameter; LVOT—left ventricular outflow tract; IVST—
interventricular septum thickness; PHT—aortic pressure half-time; PWT—posterior wall thickness; RA—right
atrium; RVEDD—right ventricular end-diastolic diameter.

Table 3. Comparison between cardiac computed tomography parameters among studied groups.

Parameter
Entire Population

(n = 338)
Alive at 3 Years

(n = 282)
Deceased at 3 Years

(n = 56)
p

Annulus area (mm2) 510 (448.5–577.5) 509 (439–573) 573.67 ± 88.64 0.63

Annulus perimeter (mm) 82.36 ± 9.14 82 ± 9.27 86.37 ± 6.83 0.15

LVOT perimeter (mm) 81.2 (73.8–88.9) 80.6 (73.8–88.5) 85.23 ± 5.61 0.95

LVOT area (mm) 493 (414.5–591.25) 486.5 (405.75–585.75) 551.5 ± 69.39 0.29

Sinotubular diameter (mm) 28.79 ± 3.5 28.1 (26.9–30.7) 29.92 ± 4.57 0.78

LCA height (mm) 13.6 (12.4–16) 13.6 (12.7–16) 13.45 ± 2.89 0.81

RCA height (mm) 15.5 (13.25–18.4) 15.5 (13.4–18.2) 16.95 ± 4.55 0.44

LM calcium score 0 (0–111) 55 (0–72) 161 ± 61 0.02

LAD calcium score 246 (93–655) 239 (106–654) 403 ± 324 0.80

CX calcium score 13 (0–254) 10 (0–271) 136 ± 116 0.19

RCA calcium score 157 (24–444) 155 (21–441) 123 ± 44 0.17

Total coronary calcium score 689 (212–1336) 644 (213–1281) 983 ± 748 0.13

CX—circumflex artery; LCA—left coronary artery; LM—left main artery; LVOT—left ventricular outflow tract;
RCA—right coronary artery.

A wide range of routinely performed laboratory parameters were determined. Of
those, inflammatory related parameters (Table 4) had a predictive value for clinical evolu-
tion after TAVR.

Table 4. Comparison between inflammatory markers among studied groups.

Parameter
Entire Population

(n = 338)
Alive at 3 Years

(n = 282)
Deceased at 3 Years

(n = 56)
p

WBC count (×103/μL) 6.86 (5.94–8.36) 6.91 (6.06–8.35) 6.33 (5.44–8.46) 0.22

Neu (×103/μL) 4.91 (4.08–5.96) 4.91 (4.11–5.95) 4.87 (3.9–6.53) 0.89

Lym (×103/μL) 1.43 (1.14–1.87) 1.45 (1.15–1.89) 1.24 (0.81–1.59) 0.006

Neu (%) 66.3 (61.17–71.03) 66.28 (61–70.8) 68.03 (63.56–72.84) 0.98

Lym (%) 20 (16.3–24.01) 20.14 (16.42–24.17) 17.84 (12.75–22.03) 0.03

Neu/Lym ratio 3.43 (2.61–4.51) 3.41 (2.57–4.46) 3.99 (2.99–5.88) 0.04

Plt/Lym ratio 115.1 (91.4–150.1) 113.9 (90.8–147.6) 140.3 ± 66.4 0.12

CRP (mg/dL) 0.59 (0.16–1.39) 0.55 (0.15–1.33) 1.18 (0.52–2.39) 0.006

Fibrinogen (mg/dL) 371.9 (322.5–432.7) 371.9 (322.5–427.9) 392.6 ± 104.5 0.20
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Table 4. Cont.

Parameter
Entire Population

(n = 338)
Alive at 3 Years

(n = 282)
Deceased at 3 Years

(n = 56)
p

ESR (s) 27.7 (15–45) 28.3 (15–45) 28.0 ± 23.1 0.97

CRP—C-reactive protein; ESR—erythrocyte sedimentation rate; WBC—white blood cells.

Biochemical parameters with potentially important survival effects are reported in
Table 5. Serum creatinine and serum albumin were significantly higher and lower, respec-
tively, in patients who suffered all-cause death during follow-up.

Table 5. Comparison between biochemical parameters among studied groups.

Parameter
Entire Population

(n = 338)
Alive at 3 Years

(n = 282)
Deceased at 3 Years

(n = 56)
p

Creatinine (mg/dL) 1.05 (0.88–1.31) 1.04 (0.88–1.29) 1.27 (0.98–1.53) 0.001

Total serum proteins (mg/dL) 6.6 (6.16–6.95) 6.57 ± 0.6 6.22 (5.98–6.91) 0.06

Serum albumin (mg/dL) 3.89 ± 0.44 3.93 ± 0.4 3.55 ± 0.54 0.001

Total serum CK (U/L) 80.67 (55.38–124.06) 81.5 (57.5–122.5) 78.4 (49.33–140) 0.73

Serum CK-MB (U/L) 19.42 (15.31–24.38) 19.42 (16–24) 19.25 (12.38–30.38) 0.81

Total bilirubin (mg/dL) 0.68 (0.51–0.88) 0.67 (0.51–0.87) 0.81 (0.56–1.23) 0.06

Cholesterol (mg/dL) 147 (125–180.75) 149.8 (127–181.12) 145.77 ± 41.66 0.10

LDL-cholesterol (mg/dL) 88.75 (72–115.25) 89.75 (72–115.62) 89.21 ± 30.57 0.35

HDL-cholesterol (mg/dL) 36.5 (30.83–44) 36.65 (31–44) 37.19 ± 12.14 0.43

Triglyceride (mg/dL) 98 (74.5–130.5) 99 (74.5–131) 92 (77.35–121.25) 0.26

CK-MB—Creatine kinase; CK-MB—Creatine kinase–MB isoform; HDL—high-density lipoprotein; LDL—low-
density lipoprotein.

Machine Learning Assessment

Inflammatory biomarkers assessed using ML techniques had a predictive value for
adverse events post-TAVR, with an AUC-ROC of 0.743 and an AUC-PR of 0.329 (Figure 2).
When adding age, creatinine and LVEF to the inflammatory panel, the ML performance
increased to an AUC-ROC of 0.860 and an AUC-PR of 0.574 (Figure 2). If using the
entire dataset (inflammatory parameters and complete patient characteristics), the ML
performance was the highest with an AUC-ROC of 0.916 and an AUC-PR of 0.676 (Figure 2).

Of note, the tuned hyperparameters of the final models included (1) a total of
300 decision trees aggregated, (2) a tree depth of four levels and (3) a learning rate of
0.01. The ML decision process can be understood using Shapley values [16]. Initially, the
ML model ranks the most important variables for the prediction of mortality (Figure 3).
On the dataset with only inflammatory markers, C-reactive protein (CRP), white blood
cells (WBC) count and Neu/Lym ratio were the three most important features (Figure 3A).
On the dataset with inflammatory markers, age, creatinine and left ventricular ejection
fraction (LVEF), LVEF, CRP and WBC were the three most important features (Figure 3B).
On the dataset with complete patient characteristics, left ventricular end-diastolic diameter
(LVEDD), LVEF, CRP and Neu/Lym ratio were the most important features (Figure 3C).
Afterwards, each variable was assigned a SHAP value for a particular variable value.
A lower SHAP value is protective, while a higher score reflects impaired prognosis. In
Figure 3, the x-axis reflects SHAP values, while each parameter has a blue and red side
reflecting lower and higher parameter values, respectively. For instance, the blue side of the
LVEDD parameter reflects lower LVEDD values and is on negative side of SHAP values;
thus, there is a better prognosis when the LVEDD is lower. In contrast, the blue side of the
LVEF parameter reflects higher LVEF values and is on the positive side of SHAP values;
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thus, there is a worse prognosis when the LVEF is lower. The dependence plots between
predictor value and SHAP value for the most important variables are illustrated in Figure 4.

 

Figure 2. Prediction performance of the ML models. AUC-PR—area under precision recall curve;
AUC-ROC—area under receiver operator curve; ML—machine learning.

(A) 

(B) 

(C) 

Figure 3. Importance plots for the ML models. CRP—C reactive protein; LM—left main artery; LVEF—
left ventricular ejection fraction; LVEDD—left ventricular end diastolic diameter; ML—machine
learning; WBC—white blood cells. (A) Importance plot for ML model applied to dataset with
inflammatory markers. (B) Importance plot for ML model applied to dataset with inflammatory
markers, LFEV, age and creatinine. (C) Importance plot for ML model applied to entire dataset.
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Figure 4. Dependance plot (left) and scatter plot (right) for age and inflammatory parameters. A
linear relationship can be observed between values of age, CRP and Neu/Lym ratio and their SHAP
values, while a bimodal relationship can be observed between values of WBC and fibrinogen and
their SHAP values.
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4. Discussion

The main findings of our study can be summarized as follows: (1) inflammatory
biomarkers assessed using ML techniques have predictive value for adverse events post-
TAVR, with an AUC-ROC of 0.743 and an AUC-PR of 0.329; the most important variables
were CRP, WBC count and the Neu/Lym ratio. (2) When adding age, creatinine and LVEF
to an inflammatory panel, the ML performance increased to an AUC-ROC of 0.860 and an
AUC-PR of 0.574; even though the LVEF was the most important predictor, inflammatory
parameters retained their value. (3) When using the entire dataset (inflammatory parame-
ters and complete patient characteristics), the ML performance was the highest, with an
AUC-ROC of 0.916 and an AUC-PR of 0.676; in this setting, the CRP and Neu/Lym ratio
were also among the most important predictors of events. (4) When using SHAP values
to explain the outcomes, with the increase in age, CRP and Neu/Lym ratio, an increase
in event risk was also observed, while for WBC count and fibrinogen levels, a bimodal
relationship was observed—the event risk was higher for both low and high levels of both
WBC and fibrinogen. Even though numerous echocardiographic and cardiac computed
tomography parameters were also included in the final analysis, only the LVEF and LVEDD
were among the most important predictors. Besides inflammatory markers, it is not sur-
prising that age, echocardiographic parameters, and creatinine are other important clinical
parameters, as it is commonly known that they are the main survival determinants of
heart disease populations. Our study supports the concept of precision phenotyping—AI
and ML techniques can find complex patterns and interactions among clinical parameters
that are invisible or unimportant to the clinician. The performance analysis of the ML
models showed that an accurate prognosis estimate was given from routine biomarkers.
The performance in survival prediction was reflected not only by the AUC-ROC, but also
by the AUC-PR, a better metric for imbalanced datasets (e.g., deceased patients were fewer
than alive patients) [17–19].

Undisputedly, TAVR offers both short-term and long-term advantages over SAVR,
especially in high-risk patients, but post-TAVR evolution does not lack adverse events.
Growing evidence suggests that inflammation status both before and after TAVR is an
important predictor of adverse outcomes. High levels of biomarkers such as CRP, GDF-
15 or IL-8 were associated with a 1-year mortality after TAVR [20]. Similarly, impaired
platelet activity after TAVR was also a predictor of mortality [21]. In our study, the CRP
and Neu/Lym ratio were higher in patients who died during follow-up. Moreover, by
employing ML models, a bimodal relationship was observed for WBC count—lower and
higher values were associated with impaired survival (Table 3). This relationship was
not observed when alive versus deceased patients were compared (Table 2). All included
patients in the present study underwent transfemoral TAVR approach. A recent study
reported that the inflammatory response was significantly lower in transfemoral TAVR
compared to both SAVR and apical TAVR [22]. This reduced response in the context of
transfemoral TAVR may also be responsible for the improved evolution of patients treated
with this strategy. Noteworthy, patients were not subjected to TAVR procedure if there was
an active infection or inflammation as per our institutional protocol and clinical guidelines.
Our findings suggest that even subclinical inflammation assessed by routine biomarkers
has important prognostic value.

Inflammation is an important element in atherosclerotic disease that leads to aortic
valve degeneration, thus being a potential and attractive pharmacologic target. In current
clinical practice, pharmacological treatment in the context of symptomatic AS is directed to
treating comorbidities since no pharmacological agent improves the clinical course of AS
per se. The same principle is applied post-TAVR, with the exception of empirical double
antiplatelet therapy for 3–6 months followed by indefinite single platelet inhibitor treat-
ment [23]. Our observations, along with other evidence from literature, could sustain the
hypothesis of a beneficial effect exerted by anti-inflammatory medication. Indeed, certain
anti-inflammatory agents reduced the risk of cardiovascular events, such as colchicine, in
the context of coronary artery disease [24].
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The 3-year all-cause mortality or stroke rate was roughly 9% lower in TAVR versus
SAVR high-risk patients [25]. However, TAVR mortality during follow-up was still high, at
32.9% in the same study [25]. In our study, mortality during follow-up was lower; however,
the included population was also smaller. Nevertheless, the ML model, using all the clinical
characteristics, predicted mortality with an AUC-ROC of 0.916. Low LVEF and high LVEDD
were the two most important predictors, followed by a CRP and Neu/Lym ratio. A large
meta-analysis also showed the impaired prognosis associated with low LVEF [26]. This is
not surprising, since LVEF is the most important parameter of cardiac systolic function.

Our study is limited by the relatively small size of the study population, using all-
cause instead of cardiovascular-cause mortality, and a lack of frailty scores. Including more
patients would increase the statistical power of the study. However, some clear trends were
observed for the studied parameters (Table 3).

5. Conclusions

Identifying predictors, especially modifiable ones, for impaired survival after TAVR for
symptomatic severe AS is an important objective in contemporary cardiovascular medicine,
since post-TAVR mortality is still relatively high. Inflammatory status assessment could
provide such predictors. In our study, the ML models identified the CRP, Neu/Lym ratio,
WBC count and fibrinogen as important variables for adverse events.
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Abstract: Adropin is a secretory peptide that regulates glucose, lipid, and protein metabolism, which
is closely related to obesity, insulin resistance, dyslipidemia, and atherogenesis. The serum adropin
level is related to sex and depends upon nutritional preferences. This study aims to determine the
association between serum adropin levels and body composition parameters in kidney transplant
recipients (KTRs), especially emphasizing sex differences. Our case–control study involved 59 KTRs
(28 postmenopausal women and 31 men) who were divided into two groups according to sex, and
each group of those KTRs was further divided into higher or lower adropin values than the mean
value in each sex group. Univariate regression showed a negative association of adropin levels
with most anthropometric and body composition parameters in men’s KTRs. Contrary to this, the
serum adropin level was negatively associated only with phase angle in postmenopausal female
KTRs. Multivariate regression showed that skeletal muscle mass and phase angle were the only
negative predictors in women’s KTRs, whereas in men, negative predictors were BMI and body water.
These findings imply that adropin could have a different impact on metabolic homeostasis in KTRs
regarding sex and could be considered a negative predictor of body composition in KTRs.

Keywords: adropin; kidney transplant recipients; nutritional status; body composition

1. Introduction

Adropin is a recently identified regulatory protein, encoded by energy balance-related
genes (Enho) and involved in the maintenance of energy homeostasis [1,2]. This peptide
hormone is mainly expressed in the liver and brain but is also present in other tissues such
as the heart, cerebellum, lung, kidney, muscles, and pancreas [3–5].

Recent studies have shown that adropin is involved in the regulation of glucose, lipid,
and protein metabolism, which is closely related to obesity, insulin resistance, dyslipidemia,
and atherogenesis [2,3,6]. Animal studies confirmed that adropin levels in serum are low
in mice with high-fat diet-induced obesity and that adropin knock-out mice (AdrKO)
displayed increased adiposity despite normal food intake [7].

However, studies investigating plasma adropin concentrations in humans have indi-
cated some differences between sexes. For example, women have lower serum adropin
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levels compared to men [2]. Although most investigations have shown a negative correla-
tion between body mass index (BMI) and adropin levels, this rule has sometimes not been
shown to be statistically significant or applicable to both sexes. In the study of St-Onge,
high plasma adropin concentrations were found only in male patients and associated with
the lean phenotype at a younger age [8]. On the contrary, this association is completely
reversed to an increased risk of obesity later in life [8].

Moreover, the relationship between plasma adropin concentrations and the levels of
low-density lipoprotein cholesterol (LDL-C) is also sex-dependent and is only found in
men [9]. This effect on cholesterol homeostasis is more evident in overweight to obese
men patients and limited to atherogenic LDL-C without influence on very-low-density
lipoprotein cholesterol (VLDL-C) or high-density lipoprotein cholesterol (HDL-C) levels [9].
Furthermore, the association of adropin levels with nutritional preferences was only con-
firmed in female patients. Plasma adropin levels showed a positive correlation with fat
intake [8] and a negative correlation with the consumption of carbohydrates [10].

Several studies have investigated adropin, focusing on the female population in
the generative period. A study based on polycystic ovary syndrome (PCOS), which is
associated with obesity, dyslipidemia, and insulin resistance, showed lower serum and
follicular fluid (FF) adropin levels in PCOS women compared to control patients of similar
age and BMI [11]. Contrary to this, a study based on a younger androgenic PCOS group
did not find any correlation between adropin or any other anthropometric parameters, but
they observed a positive correlation between adropin and androstenedione levels [12].

A recent study investigating the role of adropin in autoimmune disease—primary
Sjogren syndrome (pSS), which is more common in women—showed that these patients
have significantly higher serum adropin levels compared to healthy controls [13]. Also,
adropin was positively correlated with HDL-C and anti-SSA/Ro52 antibodies in patients
with pSS.

Accordingly, there is no study investigating the role of adropin and parameters of
body composition in immunocompromised populations as in KTRs. Therefore, our study
aimed to assess serum adropin levels and body mass composition parameters in KTRs and
to assess sex differences between men and postmenopausal women who are not influenced
by hormonal disturbances.

2. Materials and Methods

2.1. Study Design and Population

This cross-sectional study was conducted at the Outpatient Clinic for Clinical Nutrition,
Nephrology and Dialysis Division, Internal Medicine Clinic, University Hospital of Split,
Croatia, between July 2020 and October 2020.

The study comprised 59 KTRs, aged over 18, with functional graft, no mobility issues,
and follow-up for more than a year following kidney transplantation (28 women and
31 men). The exclusion criteria were active inflammatory or malignant disease, history of
stroke and myocardial infarction, implanted pacemaker or cardioverter defibrillator, stents,
or limb amputation.

2.2. Medical History and Clinical and Laboratory Parameters

Baseline clinical data included the patient’s age and sex, smoking status, presence of
chronic kidney disease, cardiovascular risk factors (hyperlipidemia, arterial hypertension,
and diabetes mellitus), presence of cardiovascular and cerebrovascular disease, duration,
and type of dialysis treatment before kidney transplantation.

In terms of laboratory parameters, all study participants received standard peripheral
blood sampling on the same day as the body composition and blood pressure measure-
ments. Peripheral venous blood samples were collected following overnight fasting and
handled according to standard laboratory practice by an experienced medical biochemist
blinded to group assignments. The conventional hematological and biochemical parame-
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ters were analyzed on the same day. The samples for adropin analysis were centrifuged
and maintained at −80 ◦C until analysis.

We measured the following parameters: urea (mmol/L), creatinine (mmol/L), uric acid
(mmol/L), serum albumin (g/L), phosphates (mmol/L), C-reactive protein (CRP; mg/L),
calcium (mmol/L), glucose (mmol/L), triglycerides (TG; mmol/L), total cholesterol (TC;
mmol/L), LDL-C, (mmol/L), erythrocytes (1012), hemoglobin (g/L), mean cellular volume
(MCV; fL), sodium (mmol/L), potassium (mmol/L), and estimated glomerular filtration
rate (eGFR; mL/min/1.73 m2) using Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI). A complete blood count was obtained using a hematology analyzer (Advia 120,
Siemens, Erlangen, Germany).

Serum adropin levels were determined using a commercially available dual enzyme-
linked immunosorbent assay (ELISA) kit (Phoenix Pharmaceuticals, Burlingame, CA,
USA) according to the manufacturer’s instructions. The test range was 0.3–20 ng/mL
and sensitivity of 0.08 ng/m, and inter-assay and intra-assay coefficients of variation (CV)
within the probe were less than 10%.

2.3. Body Composition and Anthropometric Measurements

Each participant’s body composition was analyzed using bioelectrical impedance
measurement (BIA) with a Tanita MC-780 Multi Frequency Segmental Body Analyzer
(Tokyo, Japan). BIA included analysis of these data: body mass (kg), muscle mass (kg and
%), skeletal muscle mass (kg and %), fat mass (kg and %), fat-free mass (kg and %), visceral
fat, trunk fat mass (kg and %), skeletal muscle mass (kg and %), sarcopenic muscle index
(SMI), phase angle (PhA (◦)), total body water (TBW, kg), extracellular water (EW, kg) and
intracellular water (IW, kg).

All patients were requested to refrain from eating or drinking anything for at least
three hours before the measurement, to urinate right before the analysis, and to abstain from
alcohol, excessive eating or drinking, and excessive training for at least one day before the
body composition assessment [14]. Anthropometric measurements included information
on each study participant’s height, weight, BMI, waist circumference, mid-upper arm
circumference, and waist to height ratio (WHtR).

2.4. Central Blood Pressure and Arterial Stiffness Measurement

Using an Agedio B900 (IEM, Stolberg, Germany) oscillometry-based equipment, pe-
ripheral and central blood pressure and arterial stiffness were measured. The correct-sized
cuff was chosen and precisely placed based on the upper arm circumference. All partici-
pants were analyzed while calmly seated, with their backs and arms supported, feet flat
on the floor, their legs uncrossed, and their bladders empty. We collected information
on peripheral systolic blood pressure (pSBP, mmHg), peripheral diastolic blood pressure
(pDBP, mmHg), peripheral mean arterial pressure (pMAP, mmHg), peripheral pulse pres-
sure (pPP), central systolic blood pressure (cSBP, mmHg), central diastolic blood pressure
(cDBP, mmHg), central mean arterial pressure (cMAP, mmHg), central pulse pressure (cPP),
mmHg), and pulse wave velocity (PWV; m/s).

2.5. Statistical Analysis

The normality of the data was first evaluated using the Shapiro–Wilks test. In cases
where the data were normally distributed, it was presented with mean and standard
deviation (SD), whereas if the data were not normally distributed, it was presented with
median and interquartile range (IQR). Categorical data were presented as numbers with
percentages. To test the differences between the groups, the chi-square test, T-test, or Mann–
Whitney test were applied as appropriate. To evaluate the predictors of serum adropin
levels, first, a univariate linear regression was performed, after which all parameters with
p-values less than 0.1 were entered into the LASSO regression model, which was used
to select the most relevant variables. Finally, a multivariate linear regression model was
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applied with selected variables after LASSO regression to identify the strongest predictors
for serum adropin levels and to obtain beta coefficients, standard errors, and p-values.

3. Results

3.1. Baseline Clinical, Anthropometric, Laboratory, Body Composition, and Blood Pressure
Parameters of the Study Population

The study included 59 KTRs of which 31 (53%) were men and 28 (47%) were women.
All studied KTR women were in the postmenopausal period.

Table 1 presents data about baseline clinical characteristics; anthropometric, laboratory,
body composition, and blood pressure parameters; and sex differences in all those param-
eters. Generally, most of the sex differences were observed between body composition
parameters. Men had significantly more muscle mass and body water, and women had sig-
nificantly more fat content. Also, several sex differences were shown regarding laboratory
parameters (hemoglobin, cholesterol, and phosphates). Men’s and women’s KTRs did not
differ in other observed parameters, including serum adropin levels, as shown in Table 1.

To determine whether there are sex differences depending on higher and lower adropin
values, we divided both sex groups into two subgroups depending on the mean adropin
value (≤mean value and >mean value). Therefore, we obtained two subgroups in female
KTRs regarding the adropin value: those with lower adropin values (n= 11 (39%)) and
women with higher adropin values (n = 17 (61%)). We used the same methodology to
categorize men into two subgroups: those with lower adropin values (N = 14 (45%)) and
male patients with higher adropin values than the mean value (n = 17 (55%)).

Table 1. Baseline and observed parameter characteristics of the study population including sex
differences.

Predictor Women Men p

n = 28 (47%) n = 31 (53%)

Transplantation (years), median (IQR) 5 (7.5) 5 (7) 0.993
PD, n (%) 13 (48.15) 9 (31.03) 0.394
HD, n (%) 12 (44.44) 18 (62.07) 0.394

PD + HD, n (%) 2 (7.41) 2 (6.9) 0.394
Dialysis (years), median (IQR) 1.75 (4) 3 (3.58) 0.379

Age (years), median (IQR) 60 (13.5) 65 (11.5) 0.168
Arterial hypertension—no n (%) 4 (14.29) 5 (16.67) 1.000
Arterial hypertension—yes n (%) 24 (85.71) 25 (83.33) 1.000

Diabetes Mellitus—no, n (%) 23 (85.19) 24 (77.42) 0.676
Diabetes Mellitus—yes, n (%) 4 (14.81) 7 (22.58) 0.676

Cardiovascular Disease—no, n (%) 22 (84.62) 24 (80) 0.920
Cardiovascular Disease—yes, n (%) 4 (15.38) 6 (20) 0.920
Cerebrovascular Disease—no, n (%) 25 (96.15) 27 (90) 0.710
Cerebrovascular Disease—yes, n (%) 1 (3.85) 3 (10) 0.710

Nonsmoker, n (%) 10 (40) 12 (50) 0.652
Former smoker, n (%) 7 (28) 7 (29.17) 0.652

Smoker, n (%) 8 (32) 5 (20.83) 0.652

Anthropometric parameters

Height (cm), mean (SD) 165.04 (5.97) 178.38 (8.67) <0.001
Weight (kg), mean (SD) 73.9 (14.15) 80.34 (15.17) 0.123

BMI (kg/m2), mean (SD) 27.07 (4.73) 25.19 (4.02) 0.132
Waist circumference, mean (SD) 97.78 (14.75) 100.22 (11.49) 0.567

WHtR, mean (SD) 0.59 (0.09) 0.56 (0.06) 0.191
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Table 1. Cont.

Predictor Women Men p

n = 28 (47%) n = 31 (53%)

Laboratory parameters

Albumin (g/L), mean (SD) 41.5 (3.05) 40.75 (3.43) 0.421
Calcium (mmol/L), median (IQR) 2.47 (0.22) 2.43 (0.16) 0.416

CRP (mg/L), median (IQR) 2.5 (4.22) 2.25 (3.65) 0.769
Erythrocyte count (×1012), mean (SD) 4.48 (0.47) 4.64 (0.61) 0.077

Fasting blood glucose (mmol/L), median (IQR) 5.1 (0.75) 5.2 (0.85) 0.566
Hemoglobin (g/L), median (IQR) 130.44 (10.8) 139.1 (12.93) 0.009
Potassium (mmol/L), mean (SD) 4.02 (0.46) 4.21 (0.56) 0.169
Cholesterol (mmol/L), mean (SD) 6.13 (1.06) 5.35 (1.27) 0.028

Creatinine (mmol/L), median (IQR) 112 (57) 123 (40) 0.231
LDL-C (mmol/L), mean (SD) 3.66 (0.89) 3.18 (1.05) 0.107

MCV (fL), mean (SD) 88.79 (5.38) 88.71 (5.54) 0.954
Sodium (mmol/L), median (IQR) 141.85 (1.69) 141.5 (1.56) 0.470
Phosphate (mmol/L), mean (SD) 1.1 (0.22) 0.97 (0.23) 0.042

Triglycerides (mmol/L), median (IQR) 1.6 (1.1) 1.9 (1.67) 0.652
Uric acid (mmol/L), mean (SD) 387.44 (67.36) 389.86 (70.72) 0.896
Urea (mmol/L), median (IQR) 9.15 (3.65) 9.6 (2.6) 0.679

eGFR (mL/min/1.73 m2), mean (SD) 48.73 (21.28) 53.92 (19.38) 0.344
Adropin, mean (SD) 2.37 (0.36) 2.37 (0.47) 0.974

Body composition parameters

Fat mass (kg), median (IQR) 21.8 (13.7) 12.6 (11.55) 0.003
Fat mass (%), mean (SD) 29.31 (7.95) 17.1 (7.52) <0.001

Fat free mass (kg), mean (SD) 51.51 (7.82) 66.52 (9.22) <0.001
Visceral fat, mean (SD) 7.4 (2.9) 9.62 (3.63) 0.021

Metabolic age (years), median (IQR) 50 (13) 50.5 (12) 0.817
Muscle mass (kg), mean (SD) 48.9 (7.44) 63.12 (8.94) <0.001

Skeletal muscle mass (kg), median (IQR) 26 (4.4) 37.8 (7.63) <0.001
Skeletal muscle mass (%), mean (SD) 37.43 (5.55) 46.52 (7.5) <0.001

Body mass (kg), mean (SD) 2.61 (0.38) 3.31 (0.43) <0.001
Body water (kg), mean (SD) 36.52 (5.62) 46.85 (6.84) <0.001
Body water (%), mean (SD) 50.1 (5.7) 58.41 (6.14) <0.001
Phase angle (◦), mean (SD) 5.26 (0.6) 5.35 (0.91) 0.682

ECW, mean (SD) 16.21 (2.37) 19.45 (2.24) <0.001
ICW, median (IQR) 19.4 (3.3) 28.2 (5.72) <0.001

Trunk visceral fat, mean (SD) 9.76 (4.65) 8.22 (5.72) 0.307

Blood pressure parameters

pSBP (mmHg), mean (SD) 132.67 (18.38) 137.74 (14.05) 0.254
pDBP (mmHg), mean (SD) 86.61 (11.77) 87.48 (12.78) 0.793
pMAP (mmHg), mean (SD) 108.32 (12.92) 110.57 (11.76) 0.537

pPP (mmHg), mean (SD) 48.32 (14.67) 50.8 (11.97) 0.533
cSBP (mmHg), mean (SD) 126.38 (16.25) 130.36 (13.42) 0.376
cDBP (mmHg), mean (SD) 87.14 (12.27) 89.02 (12.01) 0.603
cMAP (mmHg), mean (SD) 100.22 (12.29) 102.8 (11.26) 0.465

cPP (mmHg), mean (SD) 35.8 (11.26) 39.24 (11.01) 0.303
AIx, mean (SD) 21.72 (13.77) 19.98 (12.22) 0.654

PWV(m/s), mean (SD) 8.83 (1.61) 9.15 (1.77) 0.502

Abbreviations: n—number, PD—peritoneal dialysis, HD—hemodialysis, BMI—body mass index, WHtR—waist
to height ratio, CRP—C-reactive protein, LDL—C —low density lipoprotein cholesterol, MCV—mean cellular vol-
ume, eGFR—estimated glomerular filtration rate using CKD-EPI, ECW—extracellular water, ICW—intracellular
water, p—peripheral, c—central, SBP—systolic blood pressure, DBP—diastolic blood pressure, MAP—mean
arterial pressure, PP—pulse pressure, AIx—augmentation index, PWV—pulse wave velocity.

There was no statistically significant difference within the adropin subgroups in the
time since transplantation, the type of dialysis, comorbidities, and smoking status. We
observed significant differences in both sexes between the adropin subgroups for body

33



Diagnostics 2023, 13, 2768

weight (in women p = 0.015; men p = 0.012), BMI (women p = 0.035; men p = 0.005), and
waist circumference (in women p = 0.020; men p = 0.036). Therefore, we observed significant
differences between the sexes in the relation of adropin levels to body composition. We
found only in male KTRs that serum adropin level was significantly related to fat tissue mass
(p = 0.003), the percentage of fat tissue (p = 0.009), and visceral fat (p = 0.021). Contrary to
this, the serum adropin levels in female KTRs were associated with overall muscle mass and
skeletal muscle mass (p = 0.044 and p = 0.033, respectively), as shown in Table 2. Considering
the sex differences in the relation of adropin to the proportion of water, we found a significant
difference in the mass of water in men (p = 0.019), while in women, this difference was noticed
only in the percentage of body water (p = 0.039). As shown in Table 2, regarding the relation
of adropin levels to laboratory parameters, we found significant differences for creatinine
(p = 0.035), triglycerides (p = 0.037), and urate (p = 0.028) in the male group. Among female
KTRs, a significant difference was detected only for potassium (p = 0.026).

Table 2. Difference regarding adropin categories in each sex group.

Total Number of KTRs with Measured Adropin (n = 59)
Women (n = 28) Men (n = 31)

Adropin ≤
Mean Value

(n = 11)

Adropin >
Mean Value

(n = 17)
p

Adropin ≤
Mean Value

(n = 14)

Adropin >
Mean Value

(n = 17)
p

Time since transplantation (years) median
(IQR) 3.5 (3.75) 6 (8) 0.236 5 (8) 5 (6.5) 0.567

Dialysis type, n (%)
PD 5 (50) 8 (47.06) 0.893 6 (46.15) 3 (18.75) 0.257
HD 4 (40) 8 (47.06) 0.893 6 (46.15) 12 (75) 0.257

PD+HD 1 (10) 1 (5.88) 0.893 1 (7.69) 1 (6.25) 0.257
Dialysis duration (years) median (IQR) 1.25 (1.5) 2 (4) 0.517 2 (3.5) 4 (3) 0.256

Age (years) median (IQR) 54.45 (9.98) 60.71 (9.53) 0.108 62.5 (16.75) 65 (13) 0.361
Presence of chronic kidney disease, n (%)

No 4 (40) 3 (17.65) 0.409 3 (23.08) 6 (37.5) 0.666
Yes 6 (60) 14 (82.35) 0.409 10 (76.92) 10 (62.5) 0.666

Presence of arterial hypertension, n (%)
No 2 (18.18) 2 (11.76) 1.000 2 (15.38) 3 (17.65) 1.000
Yes 9 (81.82) 15 (88.24) 1.000 11 (84.62) 14 (82.35) 1.000

Presence of diabetes mellitus, n (%)
No 9 (90) 14 (82.35) 1.000 10 (71.43) 14 (82.35) 0.770
Yes 1 (10) 3 (17.65) 1.000 4 (28.57) 3 (17.65) 0.770

Presence of cardiovascular disease, n (%)
No 8 (88.89) 14 (82.35) 1.000 11 (78.57) 13 (81.25) 1.000
Yes 1 (11.11) 3 (17.65) 1.000 3 (21.43) 3 (18.75) 1.000

Presence of cerebrovascular disease, N (%)
No 8 (88.89) 17 (100) 0.742 12 (85.71) 15 (93.75) 0.903
Yes 1 (11.11) NA 0.742 2 (14.29) 1 (6.25) 0.903

Smoking status, N (%)
Nonsmoker 2 (22.22) 8 (50) 0.290 5 (41.67) 7 (58.33) 0.713

Former smoker 4 (44.44) 3 (18.75) 0.290 4 (33.33) 3 (25) 0.713
Smoker 3 (33.33) 5 (31.25) 0.290 3 (25) 2 (16.67) 0.713

Anthropometric parameters

Height (cm), mean (SD) 167.11 (6.75) 163.88 (5.35) 0.199 178.75 (6.52) 178.07 (10.41) 0.847
Weight (kg), mean (SD) 82.82 (12.2) 68.89 (12.9) 0.015 88.15 (17) 73.65 (9.67) 0.012

BMI (kg/m2), mean (SD) 29.69 (4.04) 25.59 (4.54) 0.035 27.47 (4.27) 23.24 (2.58) 0.005
Upper arm circumference (cm), median

(IQR) 30.67 (3.57) 28.57 (3.5) 0.179 28 (10) 27 (2.75) 0.510

Waist circumference (cm), mean (SD) 106.44 (8.78) 92.21 (15.35) 0.020 105.78 (12.01) 94.67 (8.17) 0.036
WHtR, mean (SD) 0.64 (0.05) 0.56 (0.09) 0.043 0.59 (0.05) 0.54 (0.06) 0.074
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Table 2. Cont.

Total Number of KTRs with Measured Adropin (n = 59)
Women (n = 28) Men (n = 31)

Adropin ≤
Mean Value

(n = 11)

Adropin >
Mean Value

(n = 17)
p

Adropin ≤
Mean Value

(n = 14)

Adropin >
Mean Value

(n = 17)
p

Laboratory parameters

Albumin (g/L), mean (SD) 41.78 (2.77) 41.33 (3.29) 0.738 40.18 (3.03) 41.17 (3.74) 0.478
Calcium (mmol/L), median (IQR) 2.53 (0.16) 2.41 (0.15) 0.055 2.44 (0.17) 2.42 (0.16) 0.645

CRP (mg/L), median (IQR) 3.85 (5.75) 2.1 (3.72) 0.218 3.9 (5.3) 1.9 (2.55) 0.612
Erythrocyte count (×1012), mean (SD) 4.6 (0.45) 4.39 (0.4) 0.229 4.53 (0.42) 4.9 (0.65) 0.091

Fasting blood glucose (mmol/L), median
(IQR) 5.1 (0.78) 5.11 (0.66) 0.967 5 (1) 5.3 (0.95) 0.258

Hemoglobin (g/L), median (IQR) 132.9 (11.05) 129 (10.71) 0.375 134.38 (12.71) 142.94 (12.16) 0.076
Potassium (mmol/L), mean (SD) 4.27 (0.4) 3.87 (0.44) 0.026 4.6 (0.9) 3.95 (0.45) 0.061
Cholesterol (mmol/L), mean (SD) 5.92 (1.97) 6.2 (0.67) 0.619 5.6 (1.53) 5.14 (1) 0.365

Creatinine (mmol/L), median (IQR) 105.5 (84) 113 (40) 0.581 149 (59) 116 (34.5) 0.035
LDL-C (mmol/L), mean (SD) 3.3 (0.8) 3.7 (1) 0.363 3.34 (1.29) 3.05 (0.83) 0.500

MCV (fL), mean (SD) 87.29 (4.82) 89.73 (5.65) 0.269 89.3 (3.37) 88.19 (6.99) 0.607
Sodium (mmol/L), median (IQR) 141.12 (1.55) 142.33 (1.67) 0.121 141.64 (1.86) 141.4 (1.35) 0.710
Phosphate (mmol/L), mean (SD) 1.06 (0.27) 1.12 (0.18) 0.478 1.06 (0.27) 0.82 (0.2) 0.016

Triglycerides (mmol/L), median (IQR) 1.8 (1.1) 1.6 (0.9) 0.591 2.65 (1.55) 1.16 (1.33) 0.037
Uric acid (mmol/L), mean (SD) 385.2 (78.47) 388.76 (62.48) 0.897 421.23 (63.17) 364.38 (67.8) 0.028
Urea (mmol/L), median (IQR) 9 (4.7) 9.3 (3.2) 1.000 11.42 (4.08) 9.32 (2.2) 0.087

eGFR (mL/min/1.73 m2), mean (SD) 54.54 (25.77) 45.32 (18.14) 0.286 46.68 (20.87) 59.8 (16.44) 0.069
Adropin, mean (SD) 2.01 (0.26) 2.6 (0.16) 0.000 1.94 (0.24) 2.73 (0.27) 0.000

Body composition parameters

Fat mass (kg), median (IQR) 26.69 (8.76) 19.99 (8.72) 0.079 20.1 (8.82) 9.45 (6.72) 0.003
Fat mass (%), mean (SD) 31.8 (7.42) 27.91 (8.12) 0.249 21.65 (6.15) 13.85 (6.82) 0.009

Fat free mass (kg), mean (SD) 56.3 (4.2) 47.95 (5.67) 0.044 70.75 (6.95) 63.49 (9.67) 0.055
Visceral fat, mean (SD) 8.44 (3) 6.81 (2.76) 0.182 11.6 (2.27) 8.21 (3.83) 0.021

Metabolic age (years), median (IQR) 50.56 (14.29) 48.25 (12.76) 0.682 51.5 (7.5) 49.5 (14.25) 0.907
Muscle mass (kg), mean (SD) 53.5 (4) 45.5 (5.4) 0.044 67.25 (6.61) 60.18 (9.42) 0.054

Skeletal muscle mass (kg), mean (SD) 29.1 (3.1) 25.2 (2.75) 0.033 38.97 (4.85) 35.09 (6.95) 0.144
Skeletal muscle mass (%), median (IQR) 36.19 (5.39) 38.13 (5.68) 0.412 43.03 (3.31) 49.01 (8.71) 0.052

Body mass (kg), mean (SD) 2.8 (0.2) 2.45 (0.28) 0.056 3.5 (0.34) 3.17 (0.44) 0.060
Body water (kg), mean (SD) 40.2 (2.8) 33.9 (3.82) 0.039 49.76 (5.47) 44.77 (7.14) 0.077
Body water (%), mean (SD) 48.42 (5.31) 51.05 (5.86) 0.278 55.03 (4.08) 60.82 (6.33) 0.019

Phase angle (◦), median (IQR) 5.49 (0.72) 5.14 (0.5) 0.164 5.72 (0.79) 5.09 (0.92) 0.095
ECW, mean (SD) 17.67 (2.33) 15.39 (2.03) 0.018 20.68 (1.93) 18.58 (2.08) 0.020
ICW, mean (SD) 21.7 (2.3) 18.8 (2.07) 0.033 29.08 (3.62) 26.19 (5.18) 0.144

ECW/ICW, mean (SD) 0.8 (0.07) 0.8 (0.07) 0.911 0.72 (0.04) 0.72 (0.09) 0.796
Trunk visceral fat, median (IQR) 12.08 (4.16) 8.46 (4.51) 0.060 12.45 (6.03) 4.75 (4.77) 0.003

Blood pressure parameters

pSBP (mmHg), mean (SD) 132.68 (18.47) 132.66 (18.92) 0.997 139.19 (11.87) 136.29 (16.26) 0.594
pDBP (mmHg), mean (SD) 88.41 (11.09) 85.38 (12.42) 0.521 91.14 (14.48) 83.82 (10.02) 0.132
pMAP (mmHg), mean (SD) 108.28 (13.09) 108.34 (13.25) 0.991 111.82 (10.24) 109.32 (13.49) 0.630

pPP (mmHg), mean (SD) 43 (15.39) 51.31 (13.84) 0.179 45.64 (12.54) 55.95 (9.23) 0.040
cSBP (mmHg), mean (SD) 122.22 (17.47) 128.72 (15.61) 0.348 130.25 (9.65) 130.45 (16.62) 0.973
cDBP (mmHg), mean (SD) 89.72 (12.44) 85.69 (12.33) 0.442 93.4 (12.76) 85.05 (10.25) 0.113
cMAP (mmHg), mean (SD) 100.57 (12.85) 100.03 (12.39) 0.918 105.68 (10.56) 100.18 (11.72) 0.275

cPP (mmHg), mean (SD) 30.83 (13.19) 38.59 (9.32) 0.099 36 (12.09) 42.18 (9.53) 0.207
PWV (m/s), median (IQR) 8.1 (1.71) 9.24 (1.45) 0.091 9.4 (2.15) 9.6 (1.4) 0.460

Abbreviations: KTRs—kidney transplant recipients, n—number, PD—peritoneal dialysis, HD—hemodialysis,
BMI—body mass index, WHtR—waist to height ratio, CRP—C-reactive protein, LDL—C —low density lipopro-
tein cholesterol, MCV—mean cellular volume, eGFR—estimated glomerular filtration rate using CKD-EPI,
ECW—extracellular water, ICW—intracellular water, p—peripheral, c—central, SBP—systolic blood pressure,
DBP—diastolic blood pressure, MAP—mean arterial pressure, PP—pulse pressure, PWV—pulse wave velocity.
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3.2. The Association of Serum Adropin Levels and Clinical, Anthropometric, Laboratory, Body
Composition, and Blood Pressure Parameters

As presented in Table 3, univariate linear regression analysis showed that age (p = 0.022)
and PhA (p = 0.025) were significant predictors of serum adropin levels in female KTRs.

Table 3. Comparison between men and women related to significant predictors that determine the
serum adropin level.

Predictor

Univariate Linear Regression
Women (n = 28) Men (n = 31)

Beta SE p Beta SE p

Age (years) 0.015 0.006 0.022 0.011 0.006 0.105

Anthropometric parameters

Weight (kg) −0.006 0.005 0.169 −0.023 0.005 0.000
BMI (kg/m2) −0.023 0.013 0.098 −0.082 0.018 0.000

Upper arm circumference (cm) −0.010 0.019 0.608 −0.066 0.023 0.010
Waist circumference (cm) −0.005 0.005 0.306 −0.026 0.009 0.010

Laboratory parameters

Phosphate (mmol/L) 0.236 0.329 0.480 −0.814 0.375 0.039
Triglycerides (mmol/L) −0.019 0.084 0.822 −0.177 0.074 0.026

Body composition parameters

Fat mass (kg) −0.007 0.007 0.348 −0.039 0.009 0.000
Fat mass (%) −0.003 0.008 0.742 −0.037 0.012 0.005

Fat free mass (kg) −0.012 0.008 0.165 −0.034 0.009 0.001
Visceral fat −0.003 0.023 0.897 −0.065 0.026 0.021

Muscle mass (kg) −0.012 0.009 0.164 −0.036 0.009 0.001
Skeletal muscle mass (kg) −0.021 0.014 0.147 −0.043 0.014 0.006

Body mass (kg) −0.234 0.168 0.176 −0.739 0.198 0.001
Body water (kg) −0.017 0.011 0.150 −0.044 0.013 0.002
Body water (%) 0.003 0.012 0.808 0.040 0.015 0.015

Phase angle −0.238 0.100 0.025 −0.300 0.100 0.006
ECW −0.036 0.027 0.199 −0.151 0.035 0.000
ICW −0.028 0.018 0.146 −0.058 0.019 0.006

Trunk visceral fat −0.010 0.014 0.499 −0.061 0.014 0.000

Blood pressure parameters

pDBP (mmHg) −0.004 0.006 0.494 −0.017 0.007 0.019
cDBP (mmHg) −0.005 0.005 0.334 −0.018 0.008 0.041

Abbreviations: n—number, BMI—body mass index, ECW—extracellular water, ICW—intracellular water,
p—peripheral, c—central, DBP—diastolic blood pressure.

In contrast, in male KTRs, serum adropin levels were negatively associated with weight
(p < 0.001), BMI (p < 0.001), upper arm circumference (p = 0.010), and waist circumference
(p = 0.010). Considering the body composition parameters, we found a significant negative
association for most of the parameters for male KTRs. Male KTRs showed a significant
negative association of adropin with the percentage of fat mass (p = 0.005), fat-free mass
(p = 0.001), visceral fat (p = 0.021), muscle mass (p = 0.001), skeletal muscle mass, (p = 0.002),
body water (p = 0.019), the percentage of body water (p = 0.015), PhA (p = 0.002), and trunk
visceral fat (p = 0.002). When observing blood pressure parameters, the only significant and
negative association was found for pDBP (p = 0.019) and cDBP (p = 0.041) in male KTRs, as
shown in Table 3.

3.3. Multivariate Linear Regression Analysis Showed Association of Adropin with Age and BMI

The whole sample showed only a significant positive correlation of adropin values
with age (p = 0.020) and a negative value with BMI (p < 0.001) as shown in Figure 1.
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Figure 1. Associations between serum adropin levels and BMI regarding age and sex. Abbreviations:
BMI—body mass index.

After selecting the strongest predictors for serum adropin levels following the multi-
variate LASSO regression model, for female KTRs, the only significant negative predictors
were skeletal muscle mass (kg; beta = −0.024, SE = 0.011, p = 0.043) and PhA (beta = −0.207,
SE = 0.099, p = 0.046), whereas for male KTRs, the only significant negative predictors were
BMI (beta = −0.403, SE = 0.072, p < 0.001) and body water (kg; beta = −0.022, SE = 0.008,
p = 0.003).

4. Discussion

The main result of our study in KTRs showed that most of the anthropometric and body
composition parameters, as well as some of the laboratory and blood pressure parameters,
differed between the high and low serum adropin groups, which was more pronounced in
men compared to postmenopausal women. In men, most of these anthropometric and body
composition parameters also remained negative predictors of serum adropin levels. In
male KTRs, adropin was not a predictor of almost all measured parameters, except for PhA.
Multivariate analysis showed that independent predictors were also different between men
and women. These results confirmed substantial sex differences in adropin levels in the
KTRs cohort.

The study confirmed that lower adropin levels were related to higher body weight
and fat content, which was estimated with the following anthropometric parameters:
weight, waist circumference, WHtR, and BMI. Although the mentioned parameters differed
between high and low adropin groups in both sexes, they were significant predictors
of adropin levels only in men. The negative association between adropin, weight gain,
and BMI was well confirmed in the previous studies conducted in different cohorts and
settings [15,16]. The adropin levels were shown to be lower in overweight and obese vs.
normal weight populations, suggesting a possible role of this hormone in the development
of obesity. BIA has become established over the past four decades as a widespread technique
for the assessment of body composition. In our study, adropin was associated with several
body composition parameters estimated by BIA, such as fat mass, visceral fat, body, and
extracellular water in men, while in women, only skeletal muscle and muscle mass were
significantly higher in the group with lower adropin levels. Similar results were obtained in
a study by Yosaee et al. [15], which compared patients with metabolic syndrome, obese, and
normal weight patients, including more than 86% of men of younger age in the population
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sample. It seems that higher body fat amounts are related to a negative impact on serum
adropin levels. However, the exact role of adropin in the pathogenesis of obesity is not fully
understood. It remains unclear whether overexpression of adropin merely delays body
weight gain or prevents it. Also, the exact mechanism of the lowering of serum adropin
concentrations while raising excess body fat amounts remains unexplained. Laboratory
parameters examined in our study were generally not associated with serum adropin
levels, especially in women. Previous studies have shown that high adropin levels can
improve lipid metabolism, and a negative association between adropin and cholesterol
levels, LDL - C and TG, and a positive association with HDL- C have been described [17,18].
Low adropin was associated with dyslipidemia in hemodialysis patients only in unadjusted
analysis [19], but after excluding confounders, the lipid levels were shown not to be related
to adropin levels. Similarly, regression analysis in a study by Hu et al. in patients with
diabetes mellitus type 2 showed no association between lipids and adropin levels [20]. In
our cohort, no association was found either, except for the case of the independent negative
prediction of TG levels of adropin in men. This suggests that an association may exist,
although it may be weak. Future studies will better explain the involvement of adropin in
lipid homeostasis.

Blood pressure parameters generally showed the least association with serum adropin
levels, except for cDBP and pDBP in male KTRs, which differed between high and low
adropin level groups and remained negative predictors of adropin levels. Previous studies
have shown that adropin concentrations are lower in hypertension [21]. Adropin was
propped to be an inductor of nitric oxide (NO) production, which acts as a vasodilator [22].
It was also shown that adropin is involved in controlling the functions of endothelial
cells [5]. Adropin may influence blood pressure by protecting endothelial function, and low
adropin levels are related to endothelial dysfunction [23], which could partially explain the
connection.

In female KTRs, skeletal muscle mass and PhA were found to be negative predictors
of adropin. The PhA is a body composition measure of cellular stability. It was shown
to be lower in obesity and metabolic syndrome. In a previous study, PhA was positively
associated with body fat percent, free fat mass, upper arm circumference, and muscle
mass [24], thus explaining the connection. Previous research showed in general a weaker
association between female sex and adropin levels compared to male sex, which could
be partially explained by the influence of estrogens [25]. However, in our cohort of KTRs
postmenopausal women, in whom hormones could not influence adropin levels, the weaker
association of adropin with all parameters remained in women.

Finally, kidney transplantation is the treatment of choice for end-stage renal disease
(ESRD). However, KTRs are at risk of developing metabolic disorders. The increasing use of
immunosuppressive therapy, which is potentially diabetogenic and atherogenic, can worsen
pre-existing medical conditions or induce the development of other problems including
bone disease, infections, and malignancies [26]. The pathogenesis of cardiovascular disease
as a major cause of death in this population is multifactorial and can be reduced through
numerous lifestyle modifications. The modification and adjustment of drug therapy by
reducing the use of glucocorticoids, calcineurin inhibitors, or other drugs in patients
with major risk factors for cardiovascular disease, as well as the consistent and timely
treatment of diabetes, hypertension, and/or hyperlipidemia and anemia can also reduce
cardiovascular morbidity in the KTRs population [27].

So far, there are several studies conducted on ESRD patients, which showed lower
levels of adropin in patients receiving dialysis treatment compared to controls [18,19]. The
study based on a rat model of chronic kidney failure showed that adropin had a protective
effect on inflammation and chronic kidney damage progression [28]. In another study,
reduced levels of adropin were associated with renal dysfunction in patients with type
2 diabetes mellitus, and adropin was proposed to be used as a biomarker for the early
diagnosis of diabetic nephropathy [29]. The latest study confirmed that type 2 diabetics
with chronic heart failure with lower adropin values were more likely to develop chronic
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kidney disease [30]. Moreover, recent studies have proposed a possible immunomodulatory
effect of adropin. Also, autoimmune disorders such as pSS, or rheumatoid arthritis were
shown to be associated with lower adropin levels [13,31]. This shows how low adropin level
accompanies these conditions and has a potential role in the pathogenesis of the disease.
To the best of our knowledge, there are no studies on immunocompromised populations
that were investigated like in our study. Immunosuppressants administered to KTRs could
potentially interfere with and disrupt the protective immunomodulatory effects of adropin,
but the exact mechanism remains to be elucidated.

The main strength of the study, to the best of our knowledge, is that this was the first
research that investigated associations of serum adropin levels and body composition in an
immunocompromised KTRs cohort. Furthermore, it is important to note that this KTRs
cohort is specific for its low incidence of diabetes, obesity, and cardiovascular disease. It
is important to underline that women in our cohort were all postmenopausal, which is
another confirmation of the sex dependence of adropin in the KTRs population. The results
of this research will provide new insights into the possible role of serum adropin in the
pathophysiology of cardiovascular risk in these susceptible immunocompromised KTRs.
The limitations of this study are a relatively small number of KTRs and a lack of healthy
control. The cross-sectional study design did not allow for the definition of any causal
relations.

5. Conclusions

The present study shows that higher adropin levels are associated with different
metabolic abnormalities in male KTRs compared to postmenopausal women. This confirms
sex-dependent adropin differences in the immunocompromised KTRs population.
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Abstract: Some studies have reported that chronic respiratory illnesses in patients with COVID-19
result in an increase in hospitalization and death rates, while other studies reported to the contrary.
The present research aims to determine if a predictive model (developed by combing different clinical,
imaging, or blood markers) could be established for patients with both chronic obstructive pulmonary
disease (COPD) and COVID-19, in order to be able to foresee the outcomes of these patients. A
prospective observational cohort of 165 patients with both diseases was analyzed in terms of clinical
characteristics, blood tests, and chest computed tomography results. The beta-coefficients from
the logistic regression were used to create a score based on the significant identified markers for
poor outcomes (transfers to an intensive care unit (ICU) for mechanical ventilation, or death). The
severity of COVID-19, renal failure, diabetes, smoking status (current or previous), the requirement
for oxygen therapy upon admission, high lactate dehydrogenase (LDH) and C-reactive protein level
(CRP readings), and low eosinophil and lymphocyte counts were all identified as being indicators
of a poor prognosis. Higher mortality was linked to the occurrence of renal failure, the number of
affected lobes, the need for oxygen therapy upon hospital admission, high LDH, and low lymphocyte
levels. Patients had an 86.4% chance of dying if their mortality scores were −2.80 or lower, based
on the predictive model. The factors that were linked to a poor prognosis in patients who had both
COPD and COVID-19 were the same as those that were linked to a poor prognosis in patients who
had only COVID-19.

Keywords: COPD; COVID-19; SARS-CoV-2 infection; biomarkers; predictive model; mortality;
intensive care unit; mechanical ventilation

1. Introduction

The coronavirus disease of 2019 (COVID-19) was declared a public health emergency
in January 2020 and was officially categorized as a pandemic in March 2020 [1]. The presen-
tation of COVID-19 was extremely heterogeneous, ranging from the absence of symptoms
to severe, and sometimes fulminant, disease that was associated with high mortality [2,3].
Factors associated with poor outcomes, according to Center for Disease Control and Pre-
vention, were age, cancer, cerebrovascular disease, preexisting conditions (such as chronic
kidney disease, chronic respiratory disease, chronic liver disease, diabetes mellitus, heart
conditions, HIV, mental health disorders, and neurologic conditions), obesity (body mass in-
dex (BMI) ≥ 30 kg/m2) and being overweight (BMI ranging from 25 to 29 kg/m2), physical
inactivity, pregnancy or recent pregnancy, primary immunodeficiencies, smoking (current
and former), and the use of corticosteroids or other immunosuppressive medications [4–7].

The prevalence of respiratory chronic diseases among COVID-19 patients varied
greatly in various studies and according to the periods of time when such studies were
published. In the initial reports, chronic respiratory conditions such as chronic obstructive
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pulmonary disease (COPD) and asthma had a lower prevalence in COVID-19 patients
than in the general population [8], while in more recent studies, the prevalence was higher
than it was in the general population [9,10]. The impact of respiratory chronic diseases on
COVID-19 remains an intensely debated subject. While there were studies that showed
poorer outcomes among patients with coexisting chronic respiratory disease, in terms
of mortality and hospitalization, there were other studies that reported no significant
difference in SARS-CoV-2 infection, hospital admission, or death between patients with
chronic respiratory disease and patients without chronic respiratory disease [11,12]. In
addition, some chronic respiratory conditions, such as asthma, were associated with a
lower risk of death than other chronic respiratory conditions [13].

Some authors even suggested a certain protection from COVID-19 among asthma
patients [14]. On the other hand, COPD has consistently been a risk factor for adverse out-
comes of COVID-19. The high expression levels of ACE2 in the small airway epithelium of
smokers and COPD patients have indicated that both COPD and smoking were indicators
of a greater risk of adverse outcomes of COVID-19. In COVID-19 patients, the presence of
COPD was associated with a greater probability of intensive-care-unit admission, mechani-
cal ventilation, and death [15]. COPD prevalence in patients with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection varied among the studies from 1.1% to
38%, based on the selection of patients and the time when the studies were performed.
Such patients seemed to have a more severe form of COVID-19, a higher risk of death, a
higher hospitalization rate, an increased chance of being admitted to an intensive care unit,
and a higher likelihood of being mechanically ventilated [16]. As in the case of respiratory
diseases and COVID-19, there were data supporting the contrary: i.e., that COPD does not
have an impact on the development of a SARS-CoV-2 infection [17–19]. Considering the
higher susceptibility of COPD patients to developing COVID-19, due to greater expression
of ACE, and the reduced lung reserve usually found in such patients, the majority of the
studies seemed to favor the first hypothesis: i.e., that COPD has a negative affect on the
outcomes of COVID-19 patients.

The primary objective of the current study was to determine markers (clinical, imaging,
or blood tests) that could anticipate the outcomes in patients with COPD and COVID-19
As a secondary objective, we wanted to investigate whether a prediction model for poor
outcomes could be created using such indicators. Such a model could help clinicians in
their daily practice to quicky evaluate, based on certain markers at the time of hospital
admission, a patient’s chances of a poor outcome, and then take the necessary measures to
ensure the best possible recovery.

2. Materials and Methods

This prospective observational study took place in the “Leon Daniello” Clinical
Hospital of Pulmonology in Cluj-Napoca (Romania), a first-line hospital in the battle
against COVID-19.

Study population: In our study, 180 patients with a confirmed SARS-CoV-2 infection
were included; they had previously been diagnosed with COPD and been consecutively
admitted to the hospital from 27 March 2020 to September 2021. We used a patient sample
of convenience, as we had access to only this hospital and we included all patients who had
both diseases. COVID-19 diagnostics were confirmed using a real-time reverse-transcriptase
polymerase-chain-reaction (RT-PCR) assay to test nasal and pharyngeal swab specimens,
according to World Health Organization guidance. COPD had already been diagnosed by
a clinician according to Global Initiative for Chronic Obstructive Lung Disease (GOLD)
guidelines. In Romania, hospitalization was compulsory for all patients diagnosed with
COVID-19, regardless of the disease’s clinical severity. Therefore, the patients had a mild,
moderate, or severe form of COVID-19. Inclusion criteria consisted of all hospitalized
patients with confirmed COVID-19 and COPD who gave their consent to participate in
the study. Exclusion criteria included patients with confirmed COVID-19 and cancer,
hematological diseases, severe cardiac disease (NYHA III and IV cardiac failure, recent
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myocardial infarction in the last three months, unstable arrhythmia), liver disease, systemic
diseases, or pulmonary fibrosis. In addition, patients who did not wish to not participate
and patients with missing data were excluded.

Study design: We collected patients’ demographic, clinical, laboratory, and treatment
data (if available) at hospital admission. If such data were not available, we extracted the
data from the hospital’s electronic medical records. At the time of hospital entry (i.e., before
any intervention), we collected samples from all patients for laboratory tests and recorded
the test results.

Blood examinations involved measuring complete blood cell counts and differential
values. Serum bio-chemical tests were carried out, and erythrocyte sedimentation rates,
C-reactive protein levels, procalcitonin levels, D-dimer levels, and serum ferritin levels
were determined for the COVID-19 patients. All laboratory tests were carried out in the
hospital laboratory with standard procedures. The laboratory reference values for white
blood cells, neutrophils, lymphocytes, and eosinophils were 4.2–10, 1.8–7.3, 1.5–4, and
0.05–0.35 × 103/μL, respectively. For ferritin, the values were 30–220 μg/la, and D-dimers
were considered positive if they were above 500 ng/mL FEU (25–5000 ng/mL FEU). For
procalcitonin, a value above 0.5 ng/mL was considered suggestive of bacterial infection.

The NLR ratio was calculated as the absolute count of neutrophils divided by the
total count of lymphocytes. The PLR ratio was defined as: the absolute count of platelets
divided by the absolute count of lymphocytes.

We also collected the following: clinical markers (age, number of days from the onset
of symptoms until hospitalization, number of hospitalization days, smoking status, BMI,
previous medication, previous oxygen therapy, and type of oxygen therapy administered at
admission), imaging markers (severity of lung involvement, the presence of consolidation),
and paraclinical parameters (blood tests). We assessed COVID-19 disease severity in all
cases, using the following criteria [20]:

• mild disease: mild symptoms without dyspnea or pneumonia;
• moderate disease: evidence of lower respiratory disease by clinical assessment or

imaging and a saturation of oxygen (SaO2) ≥ 94 percent in room air at sea level;
• severe disease: tachypnea (respiratory rate > 30 breaths/minute), hypoxia (oxygen

saturation ≤93% in room air or PaO2/FiO2 < 300 mmHg), or >50% lung involvement
on imaging;

• critical care: involving respiratory failure, shock, or multiorgan dysfunction.

The types of oxygen therapy administered at admission were No O2 (no mask), nasal
canula (NC), simple O2 mask (SM), ventury mask (VM), non-rebreathable mask (NRM),
and high flow oxigen therapy(HFOT).

Regardless of disease severity, we performed chest computer tomographies (CTs) in the
hospital radiology department for all the patients. Subsequently, the images were reviewed
by a radiologist and a pulmonologist (the same radiologist and the same pulmonologist
were involved throughout the entire study). Typical imaging findings in COVID-19 patients
included ground-glass opacities (GGO) with peripheral and subpleural distribution, usually
involving lower lobes. The CT severity score used in our study was the total severity score
(TSS) proposed by Li et al. It has five grades of severity of involvement for five lung lobes:
0%, 1–25%, 26–50%, 51–75%, and 75–100%. The higher the score, the more severe the lung
involvement [21]. Consolidation on thoracic CT in COVID-19 patients might be a sign of
bacterial infection; therefore, those situations were noted separately.

Poor outcomes were defined as a patient’s transfer to the intensive care unit (ICU) for
mechanical ventilation (invasive or noninvasive) and death of a patient.

A good outcome was defined as discharge of a patient who was either completely
healed or whose health had improved.

Statistical analysis was performed using the IBM (Richmond, VA, USA) SPSS STATIS-
TICS 25 application. Qualitative data were presented using frequencies and percentages.
The Kolmogorov–Smirnov test was used to test data distribution. Median values (25th
percentile to 75th percentile) were calculated for quantitative variables with a non-normal
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distribution; means and standard deviations were calculated for quantitative variables
with a normal distribution. The comparison of independent samples was tested with
the Kruskal–Wallis test for non-normally distributed data. Frequencies were compared
with the Chi-square test or the Fisher exact test. The significance level was set at p < 0.05.
The event considered was the recovery of the patient (a good outcome), which was the
opposite of the poor outcomes (transfer to the intensive care unit for mechanical ventilation
or death). We used this variable as dependent in a multivariate logistic regression. All
significant variables from the univariate analysis were introduced into the entered model as
independent variables. A p-value < 0.05 was regarded as statistically significant. A logistic
regression was performed to develop a model that might help in predicting outcomes in
these patients. To evaluate the correctness of the fit of the logistic regression model, the
Nagelkerke’s R-squared value was computed (the model’s power of explanation). For each
possible model, a formula with specific biomarkers was presented in detail. The area under
the curve (AUC) with a 95% confidence interval and the score cutoff points were calculated,
based on the patients’ score result and on the poor/good outcomes.

3. Results

Among the patients hospitalized with COVID-19 in the hospital, COPD prevalence
was 7% (180 out of 2570 patients). All relevant data was available for only 165 patients. The
patients’ demographics characteristics are shown in Table 1. Most patients were male and
over 65 years old, with a cardiovascular disease.

Table 1. Distribution of demographic characteristics and comorbidities for patients with COVID-19
and COPD.

Factors n = 165 n (%) Factors n = 165 n (%)

Location

• Rural
• Urban

82 (49.7)
83 (50.3)

Smoking status

• Active smoker
• Former smoker
• Never-smoker data

40 (24.3)
42 (25.4)
83 (50.3)

Gender

• Masculine
• Feminine

127 (77)
38 (23)

Comorbidities present n(%)

1. Cardiovascular disease
2. Arterial hypertension
3. Diabetes
4. Renal failure
5. Respiratory failure
6. Treatment

136 (82.4)
136 (82.4)
61 (36.9)
22 (13.3)
55 (33.3)

118 (71.52)

Age

• <65 years
• ≥65 years

42 (25.45)
123 (74.5)

Spirometry parameters m ± SD 50% (25–75%)

FVC% 73.98 ± 22.68 72.4 (61.9–89.1)
FEV1% 66.89 ± 26.49 63.9 (50.15–83.58)

FEV1 (L) 1.78 ± 0.53 1.77 (1.42–2.07)
MEF 50 43.71 ± 30.99 36.2 (19.73–60.23)

3.1. Markers (Clinical, Imaging, or Blood Tests) That Could Predict the Outcomes in Patients with
Both COPD and COVID-19
3.1.1. Risk Factors for Non-Invasive Ventilation Prognosis

To identify the significant risk factors, univariate logistic regression was used and one
factor at a time was introduced into the modeling (Tables 2 and 3). The dependent variable
was the binary variable for non- invasive ventilation (Yes/No).

45



Diagnostics 2023, 13, 2597

Table 2. Qualitative markers for non-invasive ventilation.

Non-Invasive Ventilation

Qualitative Markers
Present (n = 42)

n (%)
Absent (n = 123)

n (%)
p-Value

COVID-19 severity
Severe 39 (92.9%) 79 (64.2%)

0.025 amoderate 2 (4.8%) 25 (20.3%)
light 1 (2.4%) 19 (15.4%)

Consolidation 28 (66.7%) 51 (41.5%) 0.005 a

Number of affected lobes = 0 17 (40.5%) 76 (61.8%) <0.001 a

Cardiovascular disease present 34 (81%) 102 (82.9%) 0.468 b

Arterial hypertension present 37 (88.1%) 99 (80.5%) 0.263 a

Diabetes present 22 (52.4%) 39 (31.7%) 0.017 a

Renal failure present 10 (23.8%) 12 (9.8%) 0.021 a

Respiratory failure present 16 (38.1%) 39 (31.7%) 0.448 a

Pre-existing treatment present 31 (73.8%) 87 (70.7%) 0.703 a

O2-therapy type
at admission

No O2 3 (7.2%) 21 (17.1%)

<0.01 a

NC 0 (0%) 32 (26.1%)
SM 3 (7.2%) 19 (15.5%)
VM 8 (19.1%) 25 (20.4%)

NRM 25 (59.6%) 24 (19.6%)
HFOT 3 (7.2%) 2 (1.7%)

Smoker status

Non-smoker 27 (64.3%) 56 (45.5%)
0.044 aFormer smoker 5 (11.9%) 37 (30.1%)

Active smoker 10 (23.8%) 30 (24.4%)

Non-smoker and
former smoker 32 (76.2%) 93 (75.6%)

0.940 a

Active smoker 10 (23.8%) 30 (24.4%)

Non-smoker 27 (64.3%) 56 (45.5%)
0.036 aActive smoker and

former smoker 15 (35.7%) 67 (54.5%)

ICU and invasive mechanical
ventilation present 13 (31%) 5 (4.1%) <0.001 b

Death 13 (31%) 12 (9.8%) 0.001 a

a Chi-square test; b Fisher exact test. Bold values were statistically significant.

Table 3. Quantitative markers for non-invasive ventilation.

Quantitative Markers
Present (n = 42)

Median (Q1–Q3)
Absent (n = 123)
Median (Q1–Q3)

Mann–Whitney U:
p-Value

Age 72 (65.75–75) 70 (64–78) 0.752

LDH 425 (326.5–695) 336 (240–482) 0.003

PCR 60.1 (9.88–111.33) 15.88 (6.5–57) 0.004

Eosinophile 0 (0–0.01) 0.01 (0–0.08) 0.002

Lymphocytes 0.75 (0.54–1.13) 0.98 (0.72–1.35) 0.017

Leucocytes 8.73 (5.68–11.72) 7.66 (5.92–10.12) 0.429

Thrombocytes 202.5 (157.75–286) 225 (174–300) 0.483

Neutrophiles 7.08 (4.43–9.71) 6.12 (4.32–8.27) 0.346

PLR 257.13 (171.03–452.69) 221.54 (162.1–321.84) 0.109

NLR 10.37 (4.44–14.85) 6.12 (4.07–9.88) 0.020

46



Diagnostics 2023, 13, 2597

The logistic regression included COVID-19 severity, consolidation, number of affected
lung lobes, eosinophiles, PCR, LDH, neutrophiles, lymphocytes, leucocytes, thrombocytes,
diabetes, renal failure, respiratory failure, pre-existing treatment present, O2-therapy type
at admission, smoker status, and non-invasive ventilations.

In this predictive model, 61.7% (Nagelkerke’s R-squared value) of the variance of non-
invasive ventilation were explained by the number of affected pulmonary lobes (1 lobe),
high PCR values, and the presence of diabetes.

Based on these significant markers, a score was computed for each patient, using the
beta-coefficients from the logistic regression model:
Non-invasive ventilation score =

if 1 lobe was affected, then −3.39, otherwise 0
+ PCR value * 0.02
+ if diabetes present, then 1.15, otherwise 0
− 6.2 (constant).
The area under the curve (AUC) for the non-invasive ventilation score and non-

invasive ventilation was 66.7% (95% CI [57.8–75.6%], p < 0.001) (Figure 1).

Figure 1. ROC curve (blue line) for predicting non-invasive ventilation using the non-invasive
ventilation score.

A patient with a non-invasive ventilation score of −4.5 or lower had an 85% chance of
being placed on non- invasive ventilation.

3.1.2. Risk Factors for ICU and Invasive Mechanical Ventilation Prognosis

To identify the significant risk factors, univariate logistic regression was used and one
factor at a time was introduced into the modeling (Tables 4 and 5). The dependent variable
was the binary variable for ICU and invasive mechanical ventilation (Yes/No).

The logistic regression included COVID-19 severity, consolidation, number of affected
lung lobes, eosinophiles, PCR, LDH, neutrophiles, lymphocytes, leucocytes, thrombo-
cytes, renal failure, diabetes, O2 therapy type at admission, smoker status, non-invasive
ventilation, and pre-existing treatment.

In this predictive model, 78% (Nagelkerke’s R-squared value) of the variance of
invasive mechanical ventilation in the ICU was explained by the number of affected
pulmonary lobes (two lobes), active smoker status, pre-existing pulmonary treatment, and
existing non-invasive ventilation.
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Table 4. Qualitative markers for invasive mechanical ventilation in the ICU.

Invasive Ventilation

Qualitative Markers
Present (n = 18)

n (%)
Absent (n = 147)

n (%)
p-Value

COVID-19 severity
severe 14 (77.8%) 104 (70.7%)

>0.05 bmoderate 2 (11.1%) 25 (17%)
light 2 (11.1%) 18 (12.2%)

Consolidation 12 (66.7%) 67 (45.6%) 0.091 a

Number of affected lobes = 0 8 (44.8%) 85 (57.8%)

Number of affected lobes ≥ 3 8 (44.8%) 18 (12.3%) 0.002 b

Cardio-vascular disease present 16 (88.9%) 120 (81.6%) 0.742 b

Arterial hypertension present 14 (77.8%) 122 (83%) 0.526 b

Diabetes present 7 (38.9%) 54 (36.7%) 0.858 a

Renal failure present 4 (22.2%) 18 (12.2%) 0.267 b

Respiratory failure present 6 (33.3%) 49 (33.3%) >0.05 b

Pre-existing treatment present 6 (33.3%) 112 (76.2%) <0.001 a

O2-therapy type
at admission

No O2 4 (22.2%) 20 (13.6%)

>0.05 b

NC 0 (0%) 32 (21.8%)
SM 4 (22.2%) 18 (12.2%)
VM 1 (5.6%) 32 (21.8%)

NRM 7 (38.9%) 42 (28.6%)
HFOT 2 (11.1%) 3 (2%)

Smoker status

Non-smoker 13 (72.2%) 70 (47.6%)
>0.05 bFormer smoker 1 (5.6%) 41 (27.9%)

Active smoker 4 (22.2%) 36 (24.5%)

Non-smoker and
former smoker 14 (77.8%) 111 (75.5%)

>0.05 b

Active smoker 4 (22.2%) 36 (24.5%)

Non-smoker 13 (72.2%) 70 (47.6%)
0.049 aActive-smoker and

former smoker 5 (27.8%) 77 (52.4%)

Non-invasive ventilation present 13 (72.2%) 29 (19.7%) <0.001 b

a Chi-square test; b Fisher exact test. Bold values were statistically significant.

Table 5. Quantitative markers for invasive mechanical ventilation in the ICU.

Quantitative Markers
Present (n = 18)

Median (Q1–Q3)
Absent (n = 147)
Median (Q1–Q3)

Mann–Whitney U:
p-Value

Age 69 (62.25–74.5) 71 (64–78) 0.430

LDH 425 (326.5–717.25) 349 (244–506) 0.053

PCR 16.44 (7.78–93.03) 20.6 (7.19–70) 0.576

Eosinophile 0 (0–0.01) 0.01 (0–0.07) 0.031

Lymphocytes 0.69 (0.57–0.91) 0.98 (0.71–1.34) 0.012

Leucocytes 8.88 (6.28–14.67) 7.77 (5.84–10.12) 0.234

Thrombocytes 222 (152.25–324) 222 (172–298) 0.724

Neutrophiles 7.86 (5.67–13.06) 6.29 (4.31–8.35) 0.083

PLR 291.89 (212.83–476.66) 232.97 (162.6–354.08) 0.123

NLR 11.73 (6.73–17.2) 6.13 (4.07–10.33) 0.006
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Based on these significant markers, a score was computed for each patient, using the
beta-coefficients from the logistic regression model:
Invasive ventilation score =

if two lobes were affected, then −14, otherwise 0
+ if active smoker, then −13.4, otherwise 0
+ if with non-invasive ventilation, then +8, otherwise 0
+ if with existing pulmonary medication, then −8.3, otherwise 0.
The area under the curve (AUC) for the invasive ventilation score and invasive me-

chanical ventilation in the ICU and was 83.8% (95% CI [76.8–90.8%], p < 0.001) (Figure 2).

Figure 2. ROC curve for predicting ICU and invasive mechanical ventilation using the invasive
ventilation score.

A patient with an invasive ventilation score of −7.15 or lower had a 74.2% chance of
being transferred to the ICU and being placed on invasive mechanical ventilation.

3.1.3. Risk Factors for Death Prognosis

To identify the significant risk factors for a prognosis of death, univariate logistic
regression was used one factor at a time and introduced into the modeling (Tables 6 and 7).
The dependent variable was the binary variable of death (Yes/No).

The logistic regression included renal failure, non-invasive ventilation, invasive me-
chanical ventilation in the ICU, lymphocytes, and pre-existing treatment.

In this predictive model, only 38.7% (Nagelkerke’s R-squared value) of the variance of
death were explained by the presence of renal failure and existing mechanical ventilation
in the ICU.

Based on these significant markers, a score was computed for each patient, using the
beta-coefficients from the logistic regression model:
Mortality Score =

if renal failure present, then 1.36, otherwise 0
+ if with mechanical ventilation in the ICU, then +3.75, otherwise 0
− 3.48 (constant).
The area under the curve (AUC) for mortality score and death was 83.8% (95% CI

[74.3–93.2%], p < 0.001) (Figure 3).
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Table 6. Qualitative markers for death (univariate logistic regression).

Death

Qualitative Markers
Present (n = 25)

n (%)
Absent (n = 140)

n (%)
p-Value

COVID-19 severity
Severe 21 (84%) 97 (69.3%)

>0.05 bmoderate
light 2 (8%) 25 (17.9%)

Consolidation 15 (60%) 64 (45.7%) 0.188 a

Number of affected lobes ≥ 3 9 (36%) 17 (12.1%) <0.01 b

Cardio-vascular disease present 23 (92%) 113 (80.7%) 0.255 b

Arterial hypertension present 20 (80%) 116 (82.9%) 0.776 b

Diabetes present 10 (40%) 51 (36.4%) 0.733 a

Renal failure present 7 (28%) 15(10.7%) 0.048 b

Respiratory failure present 11 (44%) 44 (31.4%) 0.219 a

Pre-existing treatment present 15 (60%) 103 (73.6%) 0.166 a

O2-therapy type
at admission

No O2 4 (16%) 20 (14.3%)

≥0.05 b

NC 0 (0%) 32 (22.9%)
SM 3 (12%) 19 (13.6%)
VM 3 (12%) 30 (21.4%)

NRM 12 (48%) 37 (26.4%)
HFOT 3 (12%) 2 (1.4%)

Smoker status

Non-smoker 16 (64%) 67 (47.9%)
0.308 aFormer smoker 4 (16%) 38 (27.1%)

Active smoker 5 (20%) 35 (25%)

Non-smoker and
former smoker 20 (80%) 105 (75%)

0.591 a

Active smoker 5 (20%) 35 (25%)

Non-smoker 16 (64%) 67 (47.9%)
0.137 aActive smoker and

former smoker 9 (36%) 73 (52.1%)

ICU and Invasive mechanical
ventilation present 13 (52%) 5 (3.6%) <0.001 b

Non-invasive ventilation present 13 (52%) 29 (20.7%) 0.001 a

a Chi-square test; b Fisher exact test. Bold values were statistically significant.

Table 7. Quantitative markers for death.

Quantitative Markers
Present (n = 25)

Median (Q1–Q3)
Absent (n = 140)
Median (Q1–Q3)

Mann–Whitney U:
p-Value

Age 71 (66.5–76.5) 71 (64–77.75) 0.457

LDH 427 (351–737.5) 343.5 (244–503.75) 0.031

PCR 24 (9.18–95.3) 20.25 (6.53–65.88) 0.233

Eosinophile 0 (0–0.03) 0.01 (0–0.06) 0.221

Lymphocytes 0.77 (0.6–0.99) 0.99 (0.68–1.34) 0.036

Leucocytes 8.61 (5.15–11.82) 7.68 (5.88–10.33) 0.757

Thrombocytes 198 (133.5–277) 225 (174–299.5) 0.139

Neutrophiles 6.47 (3.65–8.75) 6.36 (4.5–9.01) 0.849

PLR 232.97 (157.79–418.86) 239.78 (167.85–359.88) 0.794

NLR 8.61 (4.45–12.54) 6.44 (4.03–10.88) 0.304
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Figure 3. ROC curve for predicting death, using the mortality score.

A patient with a mortality score of −2.80 or lower had an 86.4% chance of dying.
For example, a male patient with declining health was initially prescribed non-invasive

ventilation, then invasive mechanical ventilation, but then he died. He had three affected
lobes, a PCR = 8.8, no renal failure, an existing pulmonary medication, was a non-smoker,
and had diabetes, with the following scores:

• Non-invasive ventilation score = −4.87 (power of predictive model 61.7%, chance of
non-invasive ventilation), which was lower than −4.5; thus, he had an 85% chance of
being placed on non- invasive ventilation.

• Invasive ventilation score = −0.3 (power of predictive model 78%, chance of invasive
mechanical ventilation), which was greater than −7.15, and he had a 74.2% chance of
being transferred to the ICU and being placed on invasive ventilation.

• Mortality score = 0.27, which was higher than −2.80. Since there were only 25 deaths
in the sample, this model had low precision and only 38.7% of the variance of death
was explained by the above markers.

3.2. Good versus Poor Prognosis

Non-invasive ventilation was prescribed to 25.45% (42/165) of the hospitalized pa-
tients, but for 30.1% (13/42) of those non-invasive ventilated patients needed to be trans-
ferred to the ICU for mechanical ventilation (invasive) and, in the end, 9 of those 13 patients
died (Table 8).

Table 8. Distribution of patients according to their oxygen-ventilation type and death outcome.

Ventilation

ICU and Invasive Mechanical Ventilation

Total
Mechanical
Ventilation

Mechanical
Ventilation Total

No Mechanical
Ventilation

No Mechanical
Ventilation Total

Death Survival Death Survival

Non-invasive ventilation 9 4 13 4 25 29 42

No ventilation 4 1 5 8 110 118 123

Total 13 5 18 12 133 147 165

Poor outcome = death (YES) OR ICU + IMV(YES) OR NIV (YES) = 18 + 12 + 25 = 55. Good outcome = 110 (survival
with no ventilation OR survival with no invasive mechanical ventilation).

4. Discussion

The present study analyzed prognosis predictive markers in patients hospitalized
with concomitant COPD and SARS-CoV-2 infection. Out of 165 patients with complete
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data, 55 had a poor prognosis (non-invasive/invasive mechanically ventilation or death),
and 110 patients survived with no ventilation at all. We used a sample of all patients from
the beginning of the pandemic in March 2020 until September 2021, during which period
COVID-19 patients were hospitalized in Romania, regardless of the COVID-19 severity.
Therefore, the sample was varied and random.

The negative prognostic factors identified in the present research were COVID-19
severity, the presence of renal failure, the presence of diabetes, smoking status (active or
former), the requirement of oxygen therapy at admission, high values of LDH and CRP,
and low values of eosinophils and lymphocytes. The presence of renal failure, the number
of affected lobes, the requirements of oxygen therapy at admission, high LDH, and low
lymphocytes values were associated with higher mortality. Based on the significant discov-
ered markers for each defined prognosis (non-invasive ventilation, invasive ventilation, or
death), a score was computed using the beta-coefficients from the logistic regression.

Although the predictive models were all statistically significant (p < 0.05), the power
of each prediction model to explain the model differed. Of the three prediction models
using biomarkers, the invasive ventilation score description was the most accurate (78%).
Furthermore, its AUC of 83.8% (95% CI [76.8–90.8%]) demonstrated a moderate-to-good
prediction of patients being provided with invasive mechanical ventilation in the ICU.

A non-invasive ventilation score of −4.5 or lower indicated an 85% likelihood of a
patient being placed on non-invasive ventilation. A patient’s risk of being admitted to the
ICU and receiving invasive mechanical ventilation was 74.2% if their invasive ventilation
score was −7.15 or below. A patient had an 86.4% probability of dying if the patient’s
mortality score was −2.80 or lower. Models for predicting non-invasive and invasive
ventilation scores took into account the number of affected lobes, which reflected the
severity of a SARS-CoV-2 infection. The most important parameter for the mortality score,
as expected, was invasive mechanical ventilation. Based on the results, we assumed that
the prognosis of patients with both COPD and COVID-19 depended mostly on the severity
of COVID-19 rather than on COPD status. Since our study did not address the evaluation of
COPD severity—a study limitation—we were unable to provide any definitive conclusions.

The identified poor-prognosis risk factors in our study were the same as the risk
factors for poor prognosis in COVID-19 cases: i.e., certain comorbidities (renal failure and
diabetes), active or former smoker status, and the extension of pulmonary lesions [4–6].
Our findings were consistent with those that suggested that COPD had no impact on the
outcomes for COVID-19 patients [17–19]. As patients with pre-existing chronic diseases
may be more vulnerable to organ failure, as a result of their altered previous status, this
factor may encourage the development of more severe types of COVID-19. The prevalence
of COPD in our study was 7%. According to a study carried out by the Romanian Society
of Pulmonology in 2019, the prevalence of COPD in the general population was 8.3% in
patients over 40 years old [22].

Thus, COPD was more prevalent in the general population than it was among COVID-
19 patients. In a retrospective cohort, the prevalence of respiratory disease among COVID-
19 patients at the beginning of pandemic was very low—1.6% for chronic obstructive
pulmonary disease (COPD) and 0.6% for asthma—lower even than the prevalence of
such respiratory diseases in the general population (8.6% and 4.2%, respectively) [8]. The
low prevalence was confirmed by other studies [23–25]. This was in contrast with the
UK study of the International Severe Acute Respiratory and Emerging Infection Consor-
tium (ISARIC), World Health Organization Clinical Characterization Protocol (UK study),
which reported a higher proportion of patients with asthma (10.4%) and non-asthmatic
chronic pulmonary diseases (18%) among patients with COVID-19, as compared with the
general population [9].

There are, however, a few factors that must be taken into consideration when consid-
ering the differences among these observational studies. First, there could have been some
under-reporting of data, as the first studies focused on hospitalized and intensive-care-unit
(ICU) patients, rather than on mild outpatient cases. Second, the means used by clinicians
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to collect data in the beginning of the pandemic, when everything was new and unknown,
plus the lack of a nationwide standardized electronic data registry system in all countries,
contributed to these differences. Finally, there was an underdiagnosis of COPD in many
countries (including Romania) during the pandemic, as spirometry was not performed, to
avoid contamination.

The patients included in the present study had stage 2 COPD (a moderate form) and
most of them (71.52%) were receiving inhaled treatment. Compliance with the treatment
was, unfortunately, not determined. This could explain why previous medication ad-
ministration, as a parameter, was associated with poor prognosis in patients who were
invasively ventilated. Another explanation could be that those patients had more severe
or symptomatic forms of COPD. We did not find any relationship between GOLD-stage
COPD and outcomes; it would have been useful to determine the outcome by including a
consideration of COPD severity. Most of our patients were typical of the general population
with respect to COPD and COVID-19: i.e., male, over 65 years old, and former-or-active
smokers. Age and sex are known prognostic factors for many chronic diseases. For COVID-
19, age was a prognostic factor related to hospitalization and mortality, presenting a linear
dose–response association with mortality. Although large between-study heterogeneity
was observed, in most studies, the risk of severe disease rose steadily with age, with more
than 93% of deaths occurring among adults ≥ 50 years and 74% of deaths occurring in
adults ≥65 years [6]. Sex was identified as a prognostic factor for ICU admission, acute
kidney injury, invasive mechanical ventilation, and a composite outcome (defined as ICU
admission and death). In these situations, small or moderate between-study heterogeneity
was observed, but 95% of the prediction intervals included a null value for acute kidney
injury and a composite outcome. We did not find any relationship with COPD severity,
as assessed by lung function. In a recent study published by Yeung et al., which looked
into the association of smokers’ lung function and COPD in COVID-19, the authors did not
find any relationship between lung function and COPD, while they found that smoking
increased the risk of COVID-19, compared with population controls, for overall COVID-19,
including the life-time smoking index odds ratio (OR) of 1.19 with a 95% confidence interval
(CI) [1.11–1.27], hospitalization with COVID-19 (OR = 1.67, 95% CI [1.42–1.97]), and severe
COVID-19 (OR = 1.48, 95% CI [1.10–1.98]), with directionally consistent effects based on
sensitivity analyses [26].

In another study, smoking was an important risk factor for poor outcomes in COVID-19
patients. SARS-CoV-2 bears an envelope spike protein that is primed by the cellular serine
protease TMPRSS2 to facilitate fusion of the virus with the cell’s angiotensin-converting
enzyme 2 (ACE-2) receptor and subsequent cell entry [27,28]. ACE-2 expression was
significantly elevated in COPD patients, compared to control subjects. Current smoking
was also associated with higher ACE-2 expression, compared with that of former smokers
or patients who had never smoked, an observation that has subsequently been validated
by other groups in separate reports on lung tissue and airway epithelial samples and
supported by additional evidence linking ACE-2 expression to nicotine exposure [27,29].

Nonetheless, there was increasing evidence that COPD may be a risk factor for more
severe COVID-19 disease. An analysis of comorbidities in 1590 COVID-19 patients found
that COPD carried an odds ratio of 2.681 (95% CI [1.424–5.048]; p = 0.002) for ICU admission,
mechanical ventilation, or death, even after adjustment for age and smoking; 62.5% of
the severe cases had a history of COPD (compared with only 15.3% of the non-severe
cases), and 25% of those patients who died were COPD patients (compared with only
2.8% of those who survived). In a multicenter study, COPD patients made up 15.7%
of the critically ill patients, but only 2.3% of the moderately ill patients (p < 0.001) [15].
Other studies found similar, but statistically weaker, differences in COPD rates between
ICU-admission patients and non-ICU-admission patients (8.3% versus 1.0%; p = 0.054) [9],
between severe and non-severe cases (4.8% versus 1.4%; p = 0.026) [16]; and between
non-survivors and survivors (7% versus 1%; p = 0.047). The same conclusion was drawn
from the research performed by Lee et al., in which they concluded that even though COPD
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was not a risk factor for respiratory failure, it was a significant independent risk factor
for all-cause mortality (OR = 1.80, 95% CI [1.11–2.93]) [30]. Among COVID-19 patients,
relatively greater proportions of patients with COPD received mechanical ventilation and
intensive critical care [16,30,31].

Acute severe respiratory failure associated with COVID-19 was characterized by severe
hypoxemia, with good lung compliance [16]. Similar risk factors have been described by
Bellou et al. in a recent systematic review that evaluated, in over 400 articles (observational
studies, meta-analyses), prognostic factors for adverse outcomes in patients with COVID-19.
The following parameters were associated with a poor outcome: age, sex, smoking status,
the presence of dyspnea, oxygen saturation at admission, obstructive sleep apnea, venous
thromboembolism, cardiovascular disease, chronic kidney disease, chronic lung disease,
diabetes mellitus, obesity, cancer, chronic liver disease, COPD, dementia, peripheral arterial
disease, and rheumatological disease [32].

We decided to mark the consolidation cases separately, as those cases could be a sign
of bacterial infection. Consolidation is defined as a homogenous high density (area of
increased attenuation) that obscures the bronchial and vascular markings (airway walls
and blood vessels). It is caused by the filling of the alveolar spaces with fluid, exudates,
transudate, blood, or neoplastic cells. In this condition, alveolar air is replaced by other
materials (e.g., pathological fluids, cells, or tissues), with a subsequent increase in pul-
monary parenchymal density. It has bilateral, multifocal, and subsegmental distribution.
The presence of consolidation is considered a sign of progressive COVID-19 disease, as
it develops in the second week after the onset of symptoms. It is seen more in patients
who are over 50 years old; therefore, consolidation could serve as a clue for an illness that
necessitates greater vigilance in management [33].

According to another review, consolidation in COVID-19 pneumonia tended to be
patchy or segmental, irregular, or nodular, and mainly subpleural and peripheral, with a
reported incidence of 2–64%, depending on the duration of the illness. It usually appears
10 to 12 days after the onset of symptoms—after the appearance of GGO. One study
reported high mortality in patients with consolidation. Another study of 83 patients
reported consolidation in patients with severe or advanced disease. In a different study,
the incidence of consolidation was significantly higher in older patients (>50 years) and
significantly higher in patients who had symptoms for more than 4 days [34].

Air bronchogram, which is defined as air-filled bronchi in areas with high density, has
variable incidence in different reports, ranging from 28% to 80% of patients. It is usually
a sign of advanced disease and is usually seen after the second week from the onset of
symptoms. It can be seen in both GGO and consolidation cases [21,34].

As COVID-19 and bacterial pneumonia are different clinical entities from COPD
acute exacerbation (although they might/frequently coexist), we decided to describe the
consolidation as if they are very frequent, as they might suggest that COPD increases the
risk of bacterial complication in patients with SARS-CoV-2 infection. Bacterial infection
was not very common in COVID-19 patients, especially not at the beginning of the disease.
Since it could appear later, as a complication of the disease or because of medical care
(especially invasive medical care), it is worth reflecting on the innate altered immune
response that is involved in severe forms of COVID-19 [34].

If bacterial pneumonia could coexist with COPD, why would COVID-19 not coexist—
especially if we consider SARS-CoV-2 a virus that could be a trigger for exacerbation?

An acute exacerbation of COPD represents the aggravation of respiratory symptoms
beyond day-to-day variation that requires a change in medication. Eighty percent of the
acute exacerbations were linked either to bacterial or viral pathogens. More than half of
them had a bacterial etiology [35,36]. The most frequent germs that have been isolated
during COPD exacerbation were streptococcus pneumoniae, hemophilus influenza and
moraxella catharalis, but we must consider that microorganisms are commonly detected in
the airways in stable COPD cases and are considered to be “colonizers” in the absence of
acute infective symptoms [37].
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The term “colonization” is debatable, as the microorganisms identified in stable COPD
cases are not necessarily benign. As a subset of COPD patients has frequent exacerbations,
the concept of the inherent susceptibility to acute infection in COPD cases subsequently
triggering AECOPD events has been developed. The impaired innate immune response
favored by smoking results in bacterial colonization, which promotes airway and systemic
inflammation, leading to COPD progression and exacerbation. To this, we add the antibiotic-
mediated lung dysbiosis during therapy [37]. Defects in innate immunity could also play
a role in increased susceptibility to viruses. Recognition of viral infection by the innate
immune system is essential for coordinating an effective antiviral response in the airways;
however, in patients with COPD, the cascade from recognition to response falters, due
to exposure to cigarette smoke that diminishes the antiviral response [38]. Furthermore,
mucociliary clearance, which is key for the removal of virus from the airways, appears to
be perturbed in COPD, as cigarette smoking exposure reduces both the number and the
length of cilia, while goblet cell hyperplasia in COPD leads to more viscous mucus in the
airways, further impeding proper ciliary motion [38–40].

Since the SARS-CoV-2 virus shares common pathobiological and clinical features
with other viral agents, it could trigger COPD exacerbation, with the potential for a more
long-term adverse impact. Nevertheless, COVID-19 and AECOPD are different clinical
entities, although they could coexist, making it very difficult to differentiate the two. When
an exacerbation of COPD occurred during COVID-19, the usual guidelines called for
initiation of systemic glucocorticoids, as recommend by the GOLD guidelines. For patients
hospitalized with COVID-19, the use of nebulized medications should be avoided or limited
to negative pressure rooms because of the risk of aerosolizing SARS-CoV-2 and enhancing
the spread of disease. Clinical outcomes, including mortality, are worse in males, older
individuals, and patients with comorbidities. COPD patients are included in shielding
strategies because of their susceptibility to virus-induced exacerbations, compromised
pulmonary function, and a high prevalence of associated comorbidities [39]. Most of
our patients had corticosteroids (ICS) in their treatment, in a fixed combination with a
bronchodilator. In case of diagnostic uncertainty, we advise physicians to be careful about
initiating ICS or ICS/long-acting β-agonist in patients in the absence of clear objective
evidence of asthma. Similarly, there was no evidence to suggest a change in the advice that
the dose of ICS for asthma patients be increased at the onset of exacerbation [16].

However, we believe that our findings are pertinent, as they demonstrate the signif-
icance of COVID-19 severity in patients’ outcomes for chronic respiratory disorders. A
medical team should act more quickly and take more drastic measures as a result of the
presence of observed poor prognosis variables in patients with COPD and COVID-19. We
believe that it is crucial to be ready to provide better care of these patients by knowing that
the prognosis is impacted by the infection and not by the respiratory disease, as the virus is
here to stay and its capacity to adapt is rather impressive [41].

Limitations: This was a single-center study; therefore, certain aspects cannot be
generalized. Second, the sample had mostly good outcomes, but for better prognostic
models, more cases with poor outcome are needed. Third, COPD diagnosis could have
been underestimated, given that spirometry was not performed during the pandemic
period and the disease might have been even more prevalent. The COPD risk class was not
assessed; consequently, COPD severity could have an impact on COVID-19 impact and not
be detected in our study. We did not assess the relationship between COPD severity and
patients’ outcomes. This was important, as in Romania all patients with COVID-19 were
hospitalized regardless of the COVID-19 severity, so the population was very heterogenous.

5. Conclusions

The factors identified in the current research that were linked to a poor prognosis
in patients with COPD and COVID-19 were similar to those linked to a poor prognosis
in patients with COVID-19 alone. The severity of COVID-19 affected patient outcomes
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far more than COPD itself. Although COPD patients may be more at risk for COVID-19
infection, COVID-19 seemed to have an influence on how the disease progressed.
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Abstract: Cardiovascular diseases (CVD) are the first cause of chronic kidney disease (CKD) mortality.
For personalized improved medicine, detecting correctable markers of CVD can be considered
a priority. The aim of this study was the evaluation of the impact of nutritional, hormonal and
inflammatory markers on brachial-ankle Pulse Wave Velocity (PWV) in pre-dialysis CKD patients. A
cross-sectional observational study was conducted on 68 pre-dialysis CKD patients (median age of
69 years, 41.2% with diabetes mellitus, 52.9% male). Laboratory data were collected, including levels
of prolactin, triiodothyronine, TGF α, IL-6, and IL-1β. The high values of brachial-ankle PWV were
associated with reduced muscle mass (p = 0.001, r = −0.44), low levels of total cholesterol (p = 0.04,
r = −0.26), triglycerides (p = 0.03, r = −0.31), triiodothyronine (p = 0.04, r = −0.24), and prolactin
(p = 0.02, r = −0.27). High PWV was associated with advanced age (p < 0.001, r = 0.19). In the
multivariate analysis, reduced muscle mass (p = 0.018), low levels of triiodothyronine (p = 0.002), and
triglycerides (p = 0.049) were significant predictors of PWV, but age (p < 0.001) remained an important
factor. In conclusion, reduced triiodothyronine together with markers of malnutrition and age were
associated with PWV in pre-dialysis CKD patients.

Keywords: pulse wave velocity; chronic kidney disease; malnutrition; inflammation triiodothyronine;
prolactin

1. Introduction

High cardiovascular risk in chronic kidney disease (CKD) patients is associated with
accelerated atherosclerosis, endothelial dysfunction, and arterial stiffness (AS) and it has
major consequences on survival and quality of life. Arterial stiffness is a negative prognostic
factor for CKD progression [1] and for associated cardiovascular diseases, contributing
to the increase in medical services costs [2–4]. Previous studies have suggested that
therapeutic modification of AS can improve cardiovascular mortality in CKD [5,6]. AS was
influenced by angiotensin-converting enzyme (ACE) inhibitors/angiotensin II receptor
blockers (ARB), vitamin D in the pre-dialysis CKD patients [6,7], and by hypotensive
medication combined with the reduction of calcium in the dialysis solution in hemodialysis

Diagnostics 2023, 13, 2462. https://doi.org/10.3390/diagnostics13142462 https://www.mdpi.com/journal/diagnostics59



Diagnostics 2023, 13, 2462

patients [8]. A relationship between increased AS and declining kidney function was
shown [8].

According to experts, the PWV remains a standard parameter for the assessment of
AS [9,10]. There are different devices for measuring PWV, based on tonometry, oscillometry,
and magnetic resonance [11].

AS is characterized by chronic structural modifications in the arterial wall expressed
by elastin fragmentation and media calcification, but molecular changes in the intimal layer
may also occur through the atherosclerotic inflammatory process [12,13].

Hyperphosphatemia, the fluctuations of calcium such as hyper and hypocalcemia,
hyperparathyroidism, the reduction of alpha Klotho, and the increase in FGF-23 are the
main determinants of AS in CKD. Classic cardiovascular risk factors also intervene: hy-
pertension, obesity, dyslipidemia, advanced age (through decreased endothelium nitric
oxide availability and increased production of vasoconstrictors), diabetes mellitus (DM),
and hyperuricemia [10–12]. In addition, advanced glycation end products (AGEs) that
accumulate in CKD activate Nuclear Factor Kappa B, favoring the activation of the vascular
inflammatory cascade and promoting the vessel’s stiffening by stimulating fibrosis and
proliferation of the vascular smooth muscle cells [14,15]. There was also an association of
serum glucose concentrations with PWV, independent of the diabetic status [16].

In fact, AS in CKD is based on an enormously increased cardiovascular risk due to, on
the one hand, the additional cardiovascular risk factors (oxidative stress, protein malnutri-
tion, alteration of the phospho-calcium balance, etc.) and, on the other hand, due to certain
particularities of the classic cardiovascular risk factors such as the appearance of the reverse
epidemiology phenomenon [17]. It is well known that malnutrition and inflammation are
associated with atherosclerosis (malnutrition inflammation atherosclerosis syndrome) in
these patients [18], and it can be a major determinant of vascular stiffness in CKD. There
are few data in the literature about the correlation between nutritional markers and PWV
in pre-dialysis and dialysis CKD patients. Thus, in a study that evaluated pre-dialysis CKD
patients from Korea, it was shown that reduced muscle mass was associated with high
brachial-ankle PWV [19]. In addition, another study revealed that hydration status and
blood pressure might be major determinants of PWV in hemodialysis patients [20], while in
peritoneal dialysis patients a significant association between nutritional markers and PWV
was described, suggesting that malnutrition could be the major contributor to vascular
dysfunction [21]. It was noted that body mass index (BMI), body fat mass, waist-hip ratio,
abdominal circumference, neck circumference, and visceral fat are positively correlated
with PWV in the general population [22].

There are also studies that have shown that the hormonal changes occurring in CKD
could also influence cardiovascular morbidity and AS. Prolactin is a hormone which is
considered as a uremic toxin by some authors. It accumulates with loss of renal function,
and it is associated with cardiovascular diseases in the general population and CKD
population as well [23]. Hyperprolactinemia is implicated in biological processes such as
insulin resistance, metabolic syndrome, inflammation modulation, endothelial dysfunction,
and lastly, accelerated atherosclerosis [24,25]. A 27% increased risk of cardiovascular events
was observed for each 10 ng/mL prolactin elevation in non-dialysis CKD patients [26].

The presence of subclinical hypothyroidism was also recorded in CKD. It was asso-
ciated with general mortality in advanced CKD [27]. Low triiodothyronine levels are the
most common laboratory finding followed by subclinical hypothyroidism in CKD patients.
Hypothyroidism can cause vascular calcification and endothelial damage [28,29].

Currently, it is still not clear how prolactin and triiodothyronine influence cardiovas-
cular diseases in CKD, and if they affect PWV, in fact, what are the most important factors
that influence PWV in pre-dialysis CKD patients.

That is why the aim of this study was to evaluate the impact of some inflammatory,
nutritional, and hormonal markers on PWV in pre-dialysis CKD patients, and as a second
aim in the subgroup of the patients with diabetes.
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2. Materials and Methods

2.1. The Participants

We conducted a cross-sectional observational study on a cohort of pre-dialysis CKD
patients. The patients were selected from those admitted to the Department of Nephrology,
County Clinical Emergency Hospital Cluj, and taken into this study based on the inclu-
sion and exclusion criteria. All patients provided written informed consent. The study
methodology was in accordance with institutional and national research ethical standards
and with the 1964 Helsinki Declaration and its subsequent amendments.

Inclusion criteria were the following: patients aged ≥ 18 years, diagnosed with CKD
for at least 6 months, defined according to Kidney Disease: Improving Global. Outcomes
(KDIGO) guidelines, with estimated glomerular filtration rate (eGFR) less than 60 mL/min,
(predialytic stage), having a stable renal function during 3 months prior to study (change
in eGFR < 5 mL/min/1.73 m2), and no change in medication during the same 3 months.

The exclusion criteria were the following: cancer patients with a life expectancy
<6 months, acute inflammatory diseases, terminal neoplasia, hepatitis viral infection, and
any other chronic or acute diseases that required changes in treatment during 3 months
prior to study.

The patient’s clinical data: age, weight, height, systolic blood pressure (SBP), and
diastolic blood pressure (DBP), comorbidities (diabetes, hypertension) and the medication
data were registered. The diagnosis of hypertension was established on the basis of BP
values, namely SBP/DBP ≥ 140/90 mmHg as well as on the basis of the use of hypotensive
drugs. We calculated pulse pressure (PP) as the difference between the SBP and DBP.

2.2. Evaluation of Anthropometric Parameters

In addition to body mass index (BMI), nutritional status was assessed by bioimpedance
using the Body Composition Monitor, a certified device (manufacturer by Fresenius Medical
Care, Bad Homburg, Germany) which provided body composition as follows: lean tissue
mass (LTM) (kg), and adipose tissue mass (ATM) (kg) [30].

2.3. Laboratory Parameters

Blood samples were collected in the morning after 8 h fasting. Serum electrolytes, al-
bumin, creatinine, lipid profile, inflammatory markers, intact parathormone (iPTH) and the
medular response (hemoglobin and white blood cells) were determined. Serum IL-6, IL-1β,
TNF-α, prolactin and triiodothyronine were determined by enzyme-linked immunosorbent
assay (ELISA) using commercially available kits (R & D System, Minneapolis, MN, USA).
The minimum detection limit for TNF-α was 15.6 pg/mL, for IL-6–3.2 pg/mL, for IL-1β–
10.2 pg/mL, for prolactin 1.5 ng/mL, and for triiodothyronine < 0.1 ng/mL). Low-density
lipoprotein-cholesterol (LDL-cholesterol) was calculated according to the Friedewald for-
mula: LDL cholesterol = total cholesterol-(HDL-cholesterol + triglycerides/5).

2.4. Assessment of Arterial Stiffness

Brachial-ankle PWV was evaluated to assess arterial stiffness with the Mobil-O-Graph
NG device (Medexpert Ltd., Budapest, Hungary), based on an oscillometric method. The
device gave the augmentation pressure, augmentation index, central SBP, central DBP, and
PWV. Brachial BP [31] was initially recorded, then the cuff was automatically re-inflated
above DBP for approximately 10 s and brachial pulse waves were recorded with a high-
fidelity pressure sensor (MPX5050, Freescale Halbleiter Deutschland GmbH, Muenchen,
Germany). Brachial BP was used to calibrate the pulse waveform. Finally, the aortic pulse
wave form was reconstructed by the software (HMS version 5.1) using an ARCSolver
algorithm [32,33]. The aortic pulse wave was decomposed into forward traveling (incident)
and backward traveling (reflected) pulse waves for wave separation analysis. PWV was
estimated by mathematical models based on the characteristic impedance and age and
assuming a three-element Windkessel model [32,33].
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2.5. Statistical Analysis

Data were presented using different statistical measures depending on the nature of
the variables. For normally distributed variables the mean ± standard deviation (SD) was
reported. For non-normally distributed variables, median (25th–75th percentile) was used.
Nominal variables were expressed as absolute and relative frequencies.

To examine the relationships between quantitative variables, either the Spearman or
Pearson coefficient of correlation was employed. Spearman coefficient of correlation was
used when the relationship was non-linear or when the outliers were present.

In the multivariate linear regression analysis, PWV was considered the dependent
variable. Independent variables included those that showed significant correlation in
the univariate analysis and those previously identified in relevant literature as influ-
encing PWV levels were considered. However, SBP was excluded from the model due
to multicollinearity.

To compare two groups, different statistical tests were employed based on the nature
of the variables. The t-test or Mann–Whitney U test for quantitative variables depending
on their distribution (normal and non-normal, respectively), while the Chi-square test or
Fisher exact test was used for qualitative variables. A p-value less than 0.05 was considered
statistically significant.

3. Results

In this study 80 patients were selected, from which six patients were excluded: four
with acute infection, one with acute myocardial infarction, and one with malignancy.
Another six patients were excluded due to missing data. Finally, 68 patients remained in
the study.

3.1. Patients’ Characteristics

The demographical, clinical and laboratory patients’ characteristics are presented in
Table 1. In our group, the median (25th, 75th percentile) age was 69 (62.5, 76) years; 41.2%
had diabetes and 52.9% were men.

Table 1. Characteristics of participants.

Parameter Group (n = 68)

Age (years) 69 (62.5, 76)
Male, n (%) 36 (52.9)

Diabetes mellitus 1, n (%) 28 (41.2)
Hypertension, n (%) 60 (89.6)

SBP (mmHg) 144 (126.5, 162)
DBP (mmHg) 87.07 ± 12.42
PP (mmHg) 58 (45.5, 72.5)

eGFR (mL/min/1.73 m2) 27 (15, 42)
Body mass index (kg/m2) 28.6 (26.4, 30.35)

LTM (kg) 38.25 ± 12.16
ATM (kg) 41.74 ± 13.77

Total cholesterol (mg/dL) 177.49 ± 37.45
LDL-cholesterol (mg/dL) 98.73 ± 28.61
HDL-cholesterol (mg/dL) 43.86 ± 12.94

Triglycerides (mg/dL) 125 (91.5, 166)
Fasting glucose (mg/dL) 103 (92, 131)

Calcium (mg/dL) 9.2 (8.64, 9.69)
Phosphorus (mg/dL) 3.66 (3.14, 4.56)

iPTH (pg/mL) 108.85 (84.85, 227.35)
Alkaline phosphatase (UI/L) 80 (72, 96.5)

Hemoglobin (g/dL) 12.46 ± 2.22
Serum albumin (g/L) 3.89 ± 0.49

hs-C reactive protein (mg/dL) 0.47 (0.23, 1.19)
White blood cells (no./mm3) 7625 (6340, 9050)
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Table 1. Cont.

Parameter Group (n = 68)

TNF-α (pg/mL) 4.4 (2.94, 6.8)
IL-6 (pg/mL) 2.44 (1.7, 3.55)

IL-1β (pg/mL) 7.06 (6.45, 12.99)
Prolactin (ng/mL) 4.83 (3.1, 7.76)

Triiodothyronine (ng/mL) 1.2 (0.9, 1.3)
Brachial-ankle PWV (m/s) 10.55 ± 2.17

ACEI/ARB, n (%) 29 (42.6)
1 data about 66 patients. Arithmetic mean ± standard deviation; n—number of people; no.—number of cell;
SBP—systolic blood pressure; DBP—diastolic blood pressure; PP—pulse pressure; eGFR—estimated glomerular
filtration rate; LTM—lean tissue mass; ATM—adipose tissue mass; LDL—low-density lipoprotein; HDL—high-
density lipoprotein; iPTH—intact parathormone; PWV—pulse wave velocity; ACEI—angiotensin-converting
enzyme inhibitors; ARB—angiotensin II receptor blockers.

3.2. Determinants of Brachial-Ankle PWV

In the analysis of correlations, it was observed that high values of brachial-ankle PWV
were associated with reduced values of muscle mass (p = 0.001, r = −0.45), low levels of
total cholesterol (p = 0.042, r = −0.26), triglycerides (p = 0.023, r = −0.34) and, respectively,
low levels of the hormonal engage: triiodothyronine (p = 0.04, r = −0.25) (Figure 1) and
prolactin (p = 0.026, r = −0.27) (Figure 2). Additionally, increasing brachial-ankle PWV was
directly associated with high values of SBP (p < 0.001, r = 0.56), PP (p < 0.001, r = 0.57) and
advanced age (p < 0.001, r = 0.92), all of these findings are described in Table 2 listed below.

 
Figure 1. Negative linear correlation between PWV and triiodothyronine in the total group.

Figure 2. Negative linear correlation between PWV and prolactin in the total group.
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Table 2. The brachial-ankle PWV correlation in the group.

Parameters r—Coefficient of Correlation p

Age (years) 0.92 <0.001
SBP (mmHg) 0.56 <0.001
PP (mmHg) 0.57 <0.001

Lean tissue mass (kg) −0.45 0.001
Prolactin (ng/mL) −0.27 0.026

Triiodothyronine (ng/mL) −0.25 0.040
Total Cholesterol(mg/dL) −0.26 0.042

Triglycerides (mg/dL) −0.34 0.023
SBP—systolic blood pressure, PP—pulse pressure.

In the multivariate analysis it was noted that muscle mass (p = 0.019) and triiodothyro-
nine (p = 0.014), PP (p = 0.013), and triglycerides (p = 0.024), respectively, remained with a
significant impact on brachial-ankle PWV, but its strongest determinant was age (p < 0.001).

3.3. Analysis of the Subgroups

Diabetic vs. non-diabetic patients were analyzed (Table 3). In the DM subgroup there
were significantly higher values of SBP (p = 0.010) and PP (p = 0.009) identified, significantly
higher ATM (p = 0.032), and significantly higher IL-1β levels (p = 0.015).

Table 3. Comparisons between diabetes vs. non-diabetes groups (n = 66).

Parameter
Non-Diabetes

Subgroup (n = 38)
Diabetes Subgroup

(n = 28)
p

Age (years) 68.5 (61, 76) 68 (62.5, 76) 0.689
Male, n (%) 17 (45.9) 13 (46.4) 0.969

Hypertension, n (%) 34 (89.5) 24 (88.9) 0.940
SBP (mmHg) 138 (121, 156) 150.5 (138.5, 172) 0.010
DBP (mmHg) 82 (76, 98) 89 (80, 97.5) 0.508
PP (mmHg) 49.5 (41, 68) 63 (52, 74) 0.009

eGFR (mL/min/1.73 m2) 26 (19, 38) 27.85 (12.5, 47) 0.910
BMI (kg/m2) 28.45 (25.5, 29.9) 29.5 (27.1, 31.55) 0.109

LTM (kg) 38.35 ± 12 38.13 ± 12.63 0.948
ATM (kg) 38.27 ± 12.19 46.22 ± 14.62 0.032

Total cholesterol (mg/dL) 185.97 ± 36.06 168.62 ± 36.58 0.072
Triglycerides (mg/dL) 130 (94, 159.5) 124 (85.5, 175.5) 0.961

Calcium (mg/dL) 9.34 (8.67, 9.76) 9.17 (8.78, 9.47) 0.410
Phosphorus (mg/dL) 3.63 (3.13, 4.41) 3.7 (3.3, 5.22) 0.425

TNF-α (pg/mL) 4.6 (3.11, 6.03) 4.02 (2.69, 8.3) 0.678
IL-6 (pg/mL) 2.44 (1.7, 3.27) 2.2 (1.6, 4.36) 0.830

IL-1β (pg/mL) 6.86 (6.38, 9.96) 9.54 (6.79, 19.35) 0.015
Prolactin (ng/mL) 4.98 (3.07, 8.16) 4.66 (3.91, 7.24) 0.912

Triiodothyronine (ng/mL) 1.2 (0.9, 1.3) 1.1 (0.9, 1.35) 0.568
Brachial-ankle PWV (m/s) 10.14 ± 2.42 10.94 ± 1.58 0.135

Arithmetic mean ± standard deviation; SBP—systolic blood pressure; DBP—diastolic blood pressure;
PP—pulse pressure; eGFR—estimated glomerular filtration rate; LTM—lean tissue mass; ATM—adipose tissue
mass; PWV—pulse wave velocity.

In the DM subgroup, brachial-ankle PWV was directly correlated with inflammatory
markers (TNF alpha p = 0.012, r = 0.46; IL-6 p = 0.034, r = 0.40), age (p < 0.001, r = 0.39) and
serum phosphorus (p = 0.012, r = 0.39), but not with the eGFR (Table 4).

In the multivariate analysis the parameters which were correlated significantly with
brachial-ankle PWV were included in our study, and it was noted that only age (p < 0.001)
remained statistically significantly associated with PWV.
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Table 4. The brachial-ankle PWV correlation in the subgroup of patients with DM.

Parameters r—Coefficient of Correlation p

Age (years) 0.89 <0.001
Phosphorus (mg/dL) −0.51 0.014

eGFR (mL/min/1.73 m2) 0.11 0.593
TNF-α (pg/mL) 0.47 0.012

IL-6 (pg/mL) 0.40 0.034
eGFR—estimated glomerular filtration rate.

4. Discussion

Age was the strongest determinant of arterial stiffness in the studied group, even
though triiodothyronine and prolactin values were also correlated with brachial-ankle
PWV. Similar data were published from the CRIC study, in which the worsening of AS with
age, the reduction of eGFR, and the increase in PP in CKD were noted [34]. Additionally,
in our study, strong correlations of PWV with SBP and PP values were obtained. It is
known that hypertension, diabetes mellitus, and CKD are the major determinants of the
loss of elasticity and reduced compliance of the vascular wall and, consecutively, increased
arterial stiffness. Impaired collagen-elastin ratio, calcification of blood vessels, endothelial
dysfunction, increased intima media-thickness, and genetic determinants can produce
arterial wall remodeling [35]. All these factors have a prevalence that increases with age.

In addition, it is known that malnutrition is among the risk factors for atherosclerosis
and, implicitly, for the increase in AS in CKD. In our study, we remarked that reduced
values of muscle mass, therefore protein malnutrition, were associated with the increase of
AS. In the longitudinal analysis, in the CRIC study, serum albumin concentration, which
is another marker reflecting the protein nutritional status, was predictive of changes in
PWV over time [34]. In addition, Harada et al. [36] observed that malnutrition in CKD
was a factor associated with vascular calcifications and, consecutively, arterial stiffness,
while Cordeiro, in a study, emphasized that another parameter reflecting the nutritional
status, the abdominal fat, was associated with coronary artery calcification in non-dialysis
dependent CKD patients [37] and then stiffening. In addition, secondary to the reverse
epidemiology phenomenon of cardiovascular risk factors in CKD, we noticed that reduced
values of lipid markers were associated with increased PWA, not with cardiovascular
protection. Therefore, low values of total cholesterol and triglycerides may show a poor
nutritional status in this population group.

Regarding the low values of T3 in CKD, they can express a deficit of thyroid function,
known in this group of patients, most of the time subclinical (without having a thyroid
disease as a substrate) and this could be associated with increased cardiovascular risk.
Low values of T3 were associated with AS in our study, consistent with other studies in
which FT3, was inversely associated with arterial stiffness in CKD patients [38]. In fact,
Klotho synthesis seems to be influenced by the thyroid hormone level [39], and Klotho has
a vascular protective effect by reducing vascular calcification. Therefore, the alteration of
thyroid hormones in CKD may increase vascular calcifications by reducing the protective
effects of Klotho [38]. In addition, overt hypothyroidism has been associated with altered
vascular function and altered endothelial-dependent vasodilation [40], partly because of
the lack of vasodilatory effect of triiodothyronine (subsequent vasodilation was reported
when triiodothyronine increases the NO production by endothelial and smooth muscle
cells) [41–43]. An increase in central arterial stiffness may be due the overt hypothyroidism
as previous studies have shown.

Prolactine was reported to be correlated with PWV. Carrero et al. observed increased
prolactin levels in subjects with endothelial dysfunction/stiffness and which further in-
creased the risk of cardiovascular events and mortality [26]. The increase in prolactinoma in
CKD is determined by the reduction of its metabolism, by the increased secretion of PRL in
the uremic state and by the reduced availability of dopamine in the brain. Secondary to the
decrease in dopaminergic activity, there can be an increase in the release of norepinephrine
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with a negative result on the endothelial function and other organs, favoring myocardial
hypertrophy, hypertension, and other cardiovascular diseases [44]. On the other hand,
prolactin retention can inhibit the production of gonadotropic hormone, and consequently
induce a testosterone deficiency in male patients with CKD, and through this mechanism,
atherosclerosis. Prolactin retention was indeed linked to increased intima–media thickness,
atherosclerotic plaque occurrence, systemic inflammation, and cardiovascular risk [45,46].

As evidence in our study, not the high values, but the low values of prolactin, a
polypeptide hormone, were associated with the increase in PWA and we consider this type
of association as an effect of the protein malnutrition present in the patients enrolled in the
study. Moreover, in the study by Haring et al., they noted the association of low prolactin
values with increased left ventricular mass, these changes only affecting males [47], without
finding a clear explanation. Prolactin has 23 kDa and can induce angiogenesis. After
proteolytic cleavage, a 5.6–18 kDa, isoform of prolactin, called vasoinhibins, appears with
antiangiogenic properties [48]. Thus, the balance between prolactin and vasoinhibins
regulates vascular functions [49].

In diabetic patients, PWV is higher than in the general population and promotes an
increase in general and cardiovascular mortality [50]. If a diabetic patient has CKD, s/he
has also all specific CKD cardiovascular risk factors and PWV increases additionally, with
the impact being more significant. In the present study, the analysis of the subgroup of
diabetic patients highlighted several aspects. First, age was also the strongest determinant
of PWA values. Second, we did not identify significant differences between PWV in
diabetics vs. non-diabetics, although we identified several cardiovascular risk markers
that were significantly modified in the DM group. Thus, IL-1β (an inflammatory marker)
was significantly higher as well as SBP, PP, and adipose tissue mass (expressed by ATM).
Third, other inflammatory markers, TNF alpha, and IL-6, as well as phosphorus, a marker
of mineral and bone metabolism, were found among the factors significantly associated
with the PWA value in the subgroup with DM.

Other studies also reported that inflammatory markers such as fibrinogen and IL-
10 were independently associated with PWV [34,51]. Moreover, it is known that micro-
inflammation is present in CKD from the early stages and that there is a link between inflam-
mation and atherosclerosis regarding malnutrition (malnutrition inflammation atheroscle-
rosis syndrome). Several possible pathophysiological pathways can explain the association
between chronic inflammation and arterial wall disease [14]. Initially, the circulation
of inflammatory mediators favors leukocyte migration into the arterial wall [52]. Then,
macrophages’ activation by different factors amplifies the inflammatory reaction. This
inflammatory cascade then alters the endothelium’s function that interacts and conditions
the remodeling of the tunica media, further along with changing the artery’s mechanical
properties [53]. Moreover, endothelial cells decrease the usual production of nitric oxide
(NO) and increase endothelin (E1), favoring arterial stiffness.

Regarding the connection between phosphorus and AS as noted in our study, it is
probably via vascular calcification. In fact, CKD alters hormonal processes that regulate
phosphate levels (intestinal absorption, renal excretion by remaining nephrons, bone
metabolism modulated by vitamin D, fetuin-A, Klotho, and fibroblast growth factor 23
(FGF-23); all these processes mentioned favoring hyperphosphatemia [54]. Excessive
levels of phosphorous and calcium are endogenous minerals capable of stimulating the
phenotypic transformation of vascular smooth muscle cells into osteoblast-like cells [55].
Experimental studies indicate that arterial medial calcification-related vascular alterations
develop in the early stages of CKD [56].

All these processes initiated in pre-dialysis stages of CKD explain the significant
cardiovascular changes detected in dialysis CKD patients [57].

In conclusion, in pre-dialysis CKD patients, age is the strongest determinant of PWV
even among diabetic patients. Reduced triiodothyronine and prolactin values are associated
with arterial stiffness, while also being markers of malnutrition. Inflammatory markers
and hyperphosphatemia influenced PWV in diabetic patients. No variations of PWV
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were recorded with eGFR or determined by the DM presence. Therefore, we speculate
that if we detect and treat the inflammatory syndrome, respectively the malnutrition,
the triiodothyronine, and prolactin levels, probably the value of PWV can be influenced.
We believe that knowing the factors that influence PWV as a marker of AS, can help to
administer a personalized treatment.

The study has some limitations, the first being the relatively small number of included
patients, which makes additional studies necessary in order to validate the correlations and
associations between PWV and the level of triiodothyronine, prolactin, and inflammatory
markers with nutritional status. Secondly, due to the nature of our cross-sectional data,
this study was limited in what we can infer about the causality of the results. Thirdly,
by design it was an observational study and the conclusions need to be confirmed in the
future, possibly by larger prospective studies.
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Abstract: Background: Multiple sclerosis (MS) is a common neurological disease affecting the optic
nerve, directly or indirectly, through transsynaptic axonal degeneration along the visual pathway.
New ophthalmological tools, arguably the most important being optical coherence tomography
(OCT), could prove paramount in redefining MS diagnoses and shaping their follow-up protocols,
even when the optic nerve is not involved. Methods: A prospective clinical study was conducted.
In total, 158 eyes from patients previously diagnosed with relapsing remitting MS (RRMS)—with
or without optic neuritis (ON), clinically isolated syndrome (CIS) with or without ON, and healthy
controls were included. Each patient underwent an ophthalmologic exam and OCT evaluation for
both eyes (a posterior pole analysis (PPA) and the optic nerve head radial circle protocol (ONH-RC)).
Results: The macular retinal thickness (the 4 × 4, respectively, 2 × 2 grid) and thickness of the
peripapillary retinal nerve fiber layer (pRNFL) were investigated. Various layers of the retina were
also compared. Our study observed significant pRNFL thinning in the RRMS eyes compared to the
control group, the pRNFL atrophy being more severe in the RRMS-ON eyes than the RRMS-NON
eyes. In the ON group, the macular analysis showed statistically significant changes in the RRMS-ON
eyes when compared only to the CIS-ON eyes, regarding decreases in the inner plexiform layer (IPL)
thickness and inner nuclear layer (INL) on the central 2 × 2 macular grid. The neurodegenerative
process affected both the inner retina and pRNFL, with clinical damage appearing for the latter
in the following order: CIS-NON, CIS-ON, RRMS-NON, and RRMS-ON. In the presence of optic
neuritis, SMRR patients presented an increase in their outer retina thickness compared to CIS patients.
Conclusions: To differentiate the MS patients from the CIS patients, in the absence of optic neuritis,
OCT Posterior Pole Analysis could be a useful tool when using a central 2 × 2 sectors macular grid.
Retinal changes in MS seem to start from the fovea and spread to the posterior pole. Finally, MS could
lead to alterations in both the inner and outer retina, along with pRNFL.

Keywords: multiple sclerosis; neurodegeneration; clinically isolated syndrome; optical coherence
tomography; retinal fiber layers; ganglion cell layer; posterior pole analysis; macular retinal segmentation

1. Introduction

Multiple sclerosis (MS) is the most common inflammatory neurological disease of the
central nervous system that affects young adults [1,2].

Regarding the pathogenesis of MS, the following processes are involved in the destruc-
tion of the myelin sheath: neurodegeneration, neuroinflammation, autoimmune response,
excitotoxicity, and gliosis [3].

Considering neurodegeneration, the underlying cause of disability in MS, intensive
research has been conducted in order to identify markers able to quantify and track these
neuronal changes. The retina offers the opportunity to study the central nervous system,
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with retinal changes in MS reflecting both focal and global aspects of neurodegeneration
and inflammation [4].

The most common subtype of MS is relapsing-remitting MS (RRMS), which comprises
85% of all cases [5].

Clinically isolated syndrome (CIS) is typically the first and earliest clinical manifesta-
tion of MS, making patients with this diagnosis vital for research and offering doctors the
opportunity to evaluate the earliest signs and quantify the changes in MS [6].

The last revision of the MS diagnostic criteria proposed introducing the optic nerve as
the fifth CNS location to quantify the dissemination in time and space of its characteristic
lesions, therefore emphasizing the importance of precise evaluations of the optic nerve in
refining this diagnostic criteria [7].

Considering The 2017 revisions of the McDonald criteria for the diagnosis of multiple
sclerosis: typical CIS-presenting clinical or magnetic resonance imaging (MRI) evidence of
dissemination in space of the central nervous system’s (CNS) lesions, along with cerebral
spinal fluid (CSF)-specific oligoclonal bands, allow for the diagnosis of multiple sclerosis [7].

Visual dysfunction is common in MS, usually occurring after optic neuritis (ON). Less
frequently, however, demyelinating lesions can affect the retro-chiasmatic visual pathway [8].

Many MS lesions are asymptomatic, including optic nerve ones. Their early detection
would prevent diagnoses at advanced stages of the disease [9]. Identifying subclinical
lesions of the visual pathways has become a significant aspect in the evaluation of newly
diagnosed cases of MS [10,11].

Optic neuritis is an inflammatory lesion, frequently involving the retrobulbar portion
of the optic nerve. It represents the most well-defined clinically isolated syndrome associ-
ated with MS [5]. Optic neuritis is the presenting complaint in 20% of multiple sclerosis
patients [12]. Furthermore, up to 70% of patients with MS develop an episode of neuritis
during the course of the disease [13].

Optical coherence tomography (OCT) is a fast, inexpensive, reproductible, and nonin-
vasive imaging technique. It uses near-infrared light to generate cross-sections or three-
dimensional images of the retina [14]. Imaging biomarkers of the retinal structure are
important for recognizing and monitoring the inflammation and neurodegeneration in MS.
With the advent of spectral domain OCT (SD-OCT), the supervised automatic segmentation
of each individual retinal layer is possible. The essential changes observed in those with
MS were in the macular ganglion cell-inner plexiform layer (GCIPL) and peripapillary
retinal nerve fiber layer (pRNFL) [15]. These two elements are recommended to be used for
diagnoses, monitoring, and research. The inflammatory activity of the disease could also
be captured by the changes observed in the inner nuclear layer [15].

Considering the difficulties in diagnosing MS, especially in CIS cases, new ophthalmolog-
ical tools, arguably the most important being OCT, could prove paramount in redefining MS
diagnoses and shaping their follow-up protocols, even when the optic nerve is not involved.

Previous studies have demonstrated the phenomenon of transsynaptic axonal degen-
eration along the visual pathway in MS. We want to identify the OCT markers that are
characteristic of MS patients, as well as their patterns, in order to differentiate MS-ON
patients from MS-NON patients and MS patients from CIS patients. In this regard, we want
to analyze the utility of a less used macular test grid for quantifying the retinal changes in
all the layers of the eye in MS patients, in order to develop better diagnosis and monitoring
tools for neurodegeneration. Identifying the subclinical activity of this disease with the
use of optical coherence tomography is a secondary aim of the study, in order to facilitate
earlier diagnoses and the easier surveillance of the global neurodegenerative process in
clinical practice.

2. Materials and Methods

2.1. Study Design

The present study is analytical, observational, and monocentric. The selection of
the participants was based on selective, convenient sampling, with the data collection
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being performed prospectively. The subjects gave their informed consent to participate
in the study. The study respected the principles of the Declaration of Helsinki and the
research protocol was approved by the Ethics Committee of the Iuliu Hat, ieganu University
of Medicine and Pharmacy, Cluj-Napoca (No. 227/22.06.2020), and the Research Ethics
Committee of the Faculty of Medicine and Pharmacy, University of Oradea (No. CEFMF/02
of 31.10.2022). The patients were enrolled between November 2021 and March 2022.

2.2. Participants

A total of 170 eyes were evaluated for the study, 158 were included in the final analysis,
and 12 eyes were excluded.

We included 54 eyes of healthy subjects, 64 eyes of relapsing-remitting multiple
sclerosis (RRMS) patients with prior optic neuritis (RRMS-ON), 26 eyes from RRMS patients
without a history of optic neuritis (RRMS-NON), 6 eyes from clinically isolated syndrome
(CIS) patients with prior optic neuritis (CIS-ON), and 8 eyes of CIS patients without a
history of optic neuritis (CIS-NON). The ON patients were evaluated at least 3 months after
an acute episode.

The MS and CIS patients were recruited from the Neurology Department of the Cluj-
Napoca Emergency County Hospital. The healthy age- and sex-matched subjects were
selected during the same time from the Ophthalmology Department of the same hospital.

The inclusion criteria for this study were: (1). patients assigned by the Specialty Com-
mission for Multiple Sclerosis with a definite diagnosis of multiple sclerosis (RRMS); (2). pa-
tients diagnosed with CIS by the neurological department; (3). patients who presented
at the clinic at least 3 months after an optic neuritis episode (documentation required);
(4). patients able to understand the instructions provided; and (5). patients who gave their
written consent to participate in the study

The exclusion criteria were: (1). patients with other ocular or systemic pathologies
whose consequences overlap with the researched pathology; (2). patients without an accept-
able SD-OCT evaluation; (3). a history of posterior pole surgery, cranio-cerebral trauma,
cerebral vascular accidents, meningitis, encephalitis, or brain tumors; and (4). patients with
mental health issues and those without temporal and spatial orientation.

2.3. Clinical and Paraclinical Assessment

Each subject was evaluated by the same team of ophthalmologists recording the
following data: best-corrected visual acuity (BCVA) (measured with the Snellen scale),
anterior and posterior pole biomicroscopy evaluation, aplanotonometry (Goldman, New
York, NY, USA), visual field 30-2 (Humphrey Field Analyzer, Carl Zeiss Meditec, Dublin,
CA, USA), and OCT measurements (Spectralis, Heidelberg Engineering GmbH, Heidelberg,
Germany). ONH-RC and posterior pole analyses were used. Personal data were collected,
such as: age, gender, level of education, the clinical form of MS, the ophthalmological onset
of the disease, the number of years since receiving the diagnosis, the presence or absence of
optic neuritis episodes, the presence or absence of MS-specific treatment upon entering the
study, and EDSS score. All the RRMS and CIS patients had undergone a brain MRI with
contrast within 3 months prior to entering the study.

2.4. The Methodology of OCT Measurements

The OCT measurements were performed on both eyes of each participant by a single
technician who used the same Spectral Domain OCT device (Spectralis, Heidelberg Engi-
neering GmbH, Heidelberg, Germany), which has a built-in real-time eye-tracking system
that records the movements of eyeballs and generates feedback to the scan mechanism to
stabilize the scan position.

The scans of both the optic nerve and macular region were recorded using ONH-RC
and posterior pole analysis protocols. The global and sector thickness of the pRNFL, as
well as the macular thickness (a central grid of 2 × 2 and 4 × 4 central sectors) on the 7 indi-
vidually targeted layers: the macular retinal nerve fiber layer (mRNFL), ganglion cell layer
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(GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL),
outer nuclear layer (ONL), retinal pigment epithelium (RPE), and total macular thickness
(TMT), were compared between the groups. Figure 1 summarizes all the retinal layers.

Figure 1. Cross-section images of the macula obtained using SD-OCT. Upper image represents the
magnified view of the retinal layers as follows: internal limiting membrane (IML), mRNFL, GCL,
IPL, INL, OPL, ONL, external limiting membrane (ELM), photoreceptors layers (PR), RPE, and
Bruch membrane (BM). The image bellow: on the left: “En face” OCT scan of the macula (green
line showing the level of the scan through the center of the fovea), on the right: cross-section of the
macula corresponding to a healthy control.

The pRNFL analysis was performed by scanning a 3.5 mm circumferential area cen-
tered on the optic nerve head, resulting in a pie chart (Figure 2) divided into 7 sectors
(G—global average, TS—temporal superior, T—temporal, TI—temporal inferior, NI—nasal
inferior, N—nasal, and NS—nasal superior) that recorded the pRNFL’s mean thickness
value in microns for each quadrant.
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Figure 2. OCT diagram of optic nerve head sectors measurements (right eye) and correspondent RNFL
thickness values (μm) from normative database [16]: G—global average, TS—temporal superior,
T—temporal, TI—temporal inferior, NI—nasal inferior, N—nasal, and NS—nasal superior.

The analysis of the macular retina was carried out using the posterior pole analysis
protocol of Heidelberg SD-OCT, which uses the APS (Anatomic Positioning System) system
to adjust the acquisitions to the unique axis of each eye (FoBMOC, fovea-to-Bruch’s mem-
brane opening center). This aspect allows for an elimination of the variability in the results
from the recording sectors, accurately ensuring the repeatability of the measurements on
clearly defined sectors. Thus, 61 horizontal scan lines (1024 A-scans/line), parallel to the
central reference line, were recorded. The scan area used 64 sectors, in the form of an 8 × 8
(3◦ × 3◦) cube, but only the central 2 × 2 and 4 × 4 grids were used and analyzed in our
study. The 16 sectors were numbered as in Figure 3, using their divisions into temporal,
nasal, superior, and inferior, depending on the position relative to the fovea. The values
in micrometers of each sector of the 4 and 16 central macular sectors were recorded and
analyzed at the level of: the total macular retinal thickness, inner and outer retinal thickness,
and thickness of each individual retinal layer, as mentioned above.

Figure 3. SD-OCT macular scan using posterior pole analysis. We analyzed the 16 central sectors
numbered from 1 to 16, divided into nasal sectors (NS3, NS4, NS7, NS8, NI11, NI12, NI15, and NI16)
and temporal sectors (TS1, TS2, TS5, TS6,TI9, TI10, TI13, and TI14). Superior sectors were from 1–8
and inferior sectors were from 9–16.
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2.5. Statistical Analysis

The data collection and graphical representations were performed in Microsoft Excel
2019. For the statistical analysis, IBM SPSS v24 was used. The normality was verified using
the Shapiro–Wilk test and, according to its values for the group comparations, we used
means and standard deviations. The Student t test was performed for the two groups’
comparisons, together with the Levene test for the homogeneity of the variances. For
multiple sample comparisons, ANOVA testing was performed, and for a post hoc analysis,
a Bonferroni correction was used. The mean difference was considered significant at the
0.05 level.

3. Results

A total of 158 eyes were evaluated as follows: 64 eyes of RRMS-NON patients, 26 eyes
of RRMS-ON patients, 8 eyes of CIS-NON patients, 6 eyes of CIS-ON patients, and 54 eyes
of healthy controls. The age and sex distributions are documented in Table 1.

Table 1. Age and sex distribution.

CTRL CIS-NON CIS-ON RRMS-NON RRMS-ON

Sex
F 42 7 5 47 21

M 12 1 1 17 5

Mean Age 31.85 30.88 33.83 37.64 30.35

3.1. Peripapillary RNFL Changes in MS

Table 2 summarizes the average thickness of the peripapillary nerve fiber layer
(pRNFL) on each individual sector for each group of participants. Figure 4 serves as
a visual representation of the pRNFL thickness variation.

Table 2. Descriptive statistics of group analysis of pRNFL thickness (μm) on each sector.

CTRL CIS-NON CIS-ON RRMS-NON RRMS-ON

Mean SD Mean SD Mean SD Mean SD Mean SD

NS 120.11 24.96 99.25 24.11 118.17 24.11 109.00 23.20 98.88 18.47

TS 133.30 18.66 139.13 17.75 127.17 17.75 121.19 21.95 111.92 26.94

N 86.35 12.88 81.75 7.36 85.83 7.36 78.02 13.18 71.42 12.31

T 71.93 9.63 70.88 10.93 62.67 10.93 61.45 13.39 52.15 13.73

G 103.83 8.62 100.75 9.09 100.17 9.09 93.05 12.39 83.88 12.60

NI 125.39 18.49 127.38 16.15 129.00 16.15 111.98 25.29 102.54 23.17

TI 154.70 20.07 157.13 22.78 150.67 22.78 141.00 22.38 127.35 24.97

CTRL—healthy controls; CIS-NON—clinically isolated syndrome without ON history; CIS-ON—clinically iso-
lated syndrome with optic neuritis (ON); RRMS-NON—relapsing remitting multiple sclerosis without ON
history; and RRMS-ON—relapsing remitting multiple sclerosis with history of optic neuritis. G—global average,
TS—temporal superior, T—temporal, TI—temporal inferior, NI—nasal inferior, N—nasal, NS—nasal superior;
and pRNFL—peripapillary nerve fiber layer.
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Figure 4. OCT thickness (μm) variation on each pRNFL sector of each group. CTRL—healthy controls;
CIS-NON—clinically isolated syndrome without ON history; CIS-ON—clinically isolated syndrome
with optic neuritis (ON); RRMS-NON—relapsing remitting multiple sclerosis without ON history;
and RRMS-ON—relapsing remitting multiple sclerosis with history of optic neuritis. G—global
average, TS—temporal superior, T—temporal, TI—temporal inferior, NI—nasal inferior, N—nasal,
NS—nasal superior; and pRNFL—peripapillary nerve fiber layer.

Among the RRMS-NON patients, a statistically significant thinning of the pRNFL was
observed in all the quadrants compared to the control group (p < 0.05). Among the CIS-
NON patients, no significant statistical differences were identified in the pRNFL analysis
compared to the control group (Table 3), as was the case for RRMS-NON eyes compared to
CIS-NON eyes.

Table 3. The variation in pRNFL thickness (μm) on each sector compared to healthy controls group.

NS TS N G T NI TI

CIS-NON −20.86 5.83 −4.60 −3.08 −1.05 1.99 2.42

CIS-ON −1.94 −6.13 −0.52 −3.67 −9.26 3.61 −4.04

RRMS-NON −11.11 * −12.11 * −8.34 * −10.79 * −10.47 * −13.40 * −13.70 *

RRMS-ON −21.23 * −21.37 * −14.93 * −19.95 * −19.77 * −22.85 * −27.36 *

* significant statistical differences, p < 0.05; CIS-NON, clinically isolated syndrome without ON history; CIS-ON,
clinically isolated syndrome with optic neuritis (ON); RRMS-NON, relapsing remitting multiple sclerosis without
ON history; and RRMS-ON, relapsing remitting multiple sclerosis with history of optic neuritis.

Comparing the RRMS-ON and CIS-ON eyes, we observed a statistically significant
difference between the pRNFL thicknesses in five of the seven measured sectors: NS
(p = 0.037), N (p = 0.01), G (p = 0.006), NI (p = 0.013), and TI (p = 0.045).

Among the CIS patients, the pRNFL analysis showed that there were no statistically
significant differences between those with or without a history of optic neuritis.

Comparing the RRMS patient groups (with and without optic neuritis), a statistically
significant difference in the pRNFL thinning in the RRMS-ON patients was noted in the
following sectors: G (p = 0.002), T (p = 0.004), TI (p = 0.013), and N (p = 0.31).
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3.2. Macular Thickness Changes in MS

A statistical analysis of the values of the central macular grid of the 2 × 2 and 4 × 4 sec-
tors was performed on each macular layer separately and on the results that provided global
indicators such as inner retina, outer retina, and total macular thickness (Tables 4 and 5,
Figures 5 and 6).

Table 4. Descriptive statistics of the distribution of the mean values (μm) on the 4 × 4 central macular
grid (16 sectors) of each retinal layer.

CTRL CIS-NON CIS-ON RRMS-NON RRMS-ON

4 × 4 Sectors 4 × 4 Sectors 4 × 4 Sectors 4 × 4 Sectors 4 × 4 Sectors

Mean SD Mean SD Mean SD Mean SD Mean SD

mRNFL 24.027 2.343 25.164 1.538 21.427 1.971 22.633 2.592 20.565 2.145

GCL 47.816 2.578 46.164 3.192 40.000 5.085 41.142 6.205 35.315 6.358

IPL 38.182 2.251 37.657 2.522 34.073 3.143 34.919 4.949 31.185 3.584

INL 38.371 2.761 38.711 2.726 39.990 1.931 38.403 2.156 38.505 2.936

OPL 29.113 2.068 28.617 1.926 29.698 4.017 29.216 2.281 29.890 2.492

ONL 70.149 6.128 70.602 6.211 72.709 5.170 70.422 6.971 71.608 6.795

EPR 13.948 1.102 14.047 1.095 13.927 0.749 14.765 1.792 13.927 0.749

Inner Retina 246.603 11.584 247.016 8.100 247.016 8.100 226.382 14.068 238.188 10.118

Outer Retina 80.408 6.183 79.438 1.923 79.438 1.923 81.253 1.674 79.219 3.083

TMT 327.959 12.124 326.430 7.608 326.430 7.608 308.730 12.978 318.302 11.275

CIS-ON, clinically isolated syndrome with prior optic neuritis (ON); RRMS-ON, relapsing remitting multiple
sclerosis with prior optic neuritis; CTRL, control group; CIS-NON, clinically isolated syndrome without ON
history; and RRMS-NON, relapsing remitting multiple sclerosis without ON history. mRNFL = macular nerve fiber
layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform
layer; ONL = outer nuclear layer; RPE = retinal pigment epithelium; and TMT = total macular thickness.

Table 5. Descriptive statistics of the distribution of the mean values (μm) on the 2 × 2 OCT central
macular grid of each retinal layer.

CTRL CIS-NON CIS-ON RRMS-NON RRMS-ON

2 × 2 Central Grid 2 × 2 Central Grid 2 × 2 Central Grid 2 × 2 Central Grid 2 × 2 Central Grid

Mean SD Mean SD Mean SD Mean SD Mean SD

mRNFL 15.431 1.115 16.094 0.743 15.167 0.785 15.215 0.903 14.462 1.254

GCL 39.000 4.300 40.500 3.703 29.792 6.454 31.492 6.485 25.163 6.355

IPL 34.663 3.422 35.969 2.750 31.042 3.610 30.551 4.039 26.837 3.752

INL 33.306 3.830 35.094 3.119 33.417 1.821 32.361 3.344 30.800 2.896

OPL 29.846 2.947 29.031 2.466 29.000 5.736 29.195 3.655 29.558 3.106

ONL 79.830 7.519 80.750 8.169 83.833 7.627 80.944 8.107 83.029 6.859

EPR 15.838 1.231 15.688 1.534 14.750 0.880 15.586 1.449 15.990 1.419

Inner Retina 230.731 14.363 237.344 6.463 222.167 9.497 219.953 14.056 209.990 13.025

Outer Retina 84.019 2.529 83.375 2.722 82.833 2.910 84.195 3.283 85.087 1.512

TMT 317.234 14.780 305.125 7.325 295.960 11.667 295.960 14.940 295.960 13.994

CIS-ON, clinically isolated syndrome with optic neuritis (ON); RRMS-ON, relapsing remitting multiple sclerosis
with history of optic neuritis; CTRL, control group; CIS-NON, clinically isolated syndrome without ON history;
and RRMS-NON, relapsing remitting multiple sclerosis without ON history. mRNFL = macular nerve fiber layer;
GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform layer;
ONL = outer nuclear layer; RPE = retinal pigment epithelium; and TMT = total macular thickness.
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Figure 5. Distribution of the mean values (μm) on the 4 × 4 central macular grid (16 sectors) of each
retinal layer.
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Figure 6. Distribution of the mean values (μm) on the 2 × 2 OCT central macular grid of each
retinal layer.

Based on our results, in the macular analysis of the NON group for the central 16
sectors grid, we noticed a significant thinning of the mRNFL (p = 0.019), GCL (p = 0.019),
and IPL (p < 0.001) in the RRMS eyes compared to the CTRL eyes and also a thinning of
both the mRNFL (p = 0.007) and GCL (p < 0.001) in the RRMS eyes compared to the CIS
eyes. For the four central sectors grid, there was a significant decrease in the thicknesses of
the GCL and IPL layers between both the RRMS and CTRL groups (p = 0.019/p = 0.001) and
RRMS versus CIS group (p < 0.001). No other retinal layers showed significant differences
between any groups.
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Regarding the ON group (RRMS-ON and CIS-ON), no statistically significant differ-
ence could be observed for any of the retinal layers in the central 16 sectors grid analysis.
For the four central sectors grid analysis, the study revealed a greater thinning in the RRMS-
ON eyes for the following layers: IPL (p = 0.019) and INL (p = 0.045). However, due to the
small number of CIS-ON patients (six), no statistical significance could be highlighted.

An analysis of the cumulative INNER and OUTER retinal layers revealed differences
both in the patients without ON and those with previous ON. Among the NON group, there
was a significant thinning of the four sectors central grid in the INNER retina thickness
in the RRMS eyes compared to both the CTRL (p < 0.001) and CIS (p = 0.03) eyes. For the
16 sectors central grid, the INNER retina was thinner in the RRMS-NON eyes only when
compared to the CTRL group (p = <0.001). Analyzing the outer retina thickness in the NON
group (CTRL, RRMS-NON, and CIS-NON), the results revealed the lack of a statistically
significant difference, for both the 4 and 16 sectors central grids.

Among the ON group, analyzing the inner retina thickness values, we observed a
thinning in the RRMS-ON group compared to the CIS-ON (p = 0.004) group, only for the
central four sectors central grid. Analyzing the OUTER retina thickness for the same group,
we noticed an increase in the thickness in the RRMS-ON eyes for both the 4 (p = 0.010) and
16 (p = 0.031) sectors central grids compared to the CIS-ON eyes.

Analyzing the TMT for the four sectors central grid in the NON-group, the results showed
a thinning of the TMT in the RRMS-NON group compared to both the CTRL (p < 0.001) and
CIS-NON (p = 0.012) groups. For the 16 sectors central grid, the difference was statistically
significant only between the RRMS-NON and CTRL groups (p = 0.001) (Figure 7).

Figure 7. Total macular thickness (TMT) variation on 4 × 4 (A), and 2 × 2 (B) central macular grid on
each group.

Regarding the TMT difference between the RRMS-ON and CIS-ON groups, there
was no statistically significant value for any of the studied central macular grids (4 and
16 sectors).

Upon comparing the RRMS-ON and RRMS-NON eyes, in the central 16 sectors grid
analysis, we found a greater thinning in the ON eyes for the following layers: mRNFL
(p = 0.001), GCL (p < 0.001), IPL (p = 0.001), INNER retina (p = 0.004), and TMT (p = 0.012),
and also a thickening of the OUTER retina (p = 0.033). For the four central sectors grid, the
thinning was significant in the RRMS-ON eyes in the mRNFL (p = 0.009), GCL (p < 0.001),
IPL (p = 0.001), INL (p = 0.044), inner retina (p = 0.003), and TMT (p = 0.014).

Comparing the macular thickness for the central 16 sectors between the CIS-ON and
CIS-NON groups, there was a thinning of the mRNFL (p = 0.002), GCL (p = 0.016), and
IPL (p = 0.035) in the ON eyes. For the four central sectors, the CIS-ON eyes presented a
thinning in the mRNFL(p = 0.044), GCL (p = 0.002), IPL (p = 0.013), inner retina (p = 0.004),
and TMT (p = 0.010) compared to the CIS-NON eyes.
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4. Discussion

Today, SD-OCT allows for in vivo quantifications of axonal loss (pRNFL measure-
ments) and neuronal damage (macular thickness assessments) in MS. Even though it has
not yet been included in the multiple sclerosis diagnostic criteria, OCT is recommended as
a useful diagnostic and monitoring tool for measuring the neurodegeneration in MS [15].

Our study aimed to assess the retinal differences in two concentric macular grids of
the posterior pole, analyzing each retinal layer, along with the optic nerve changes in RRMS
and CIS patients (with or without prior optic neuritis) in comparison to healthy controls.

The retinal macular area has the highest density of ganglion cells; therefore, OCT
analyses of the macula can be an adequate method of quantifying neuronal damage [17].
Additionally, approximately 50% of the ganglion cells are located in the area 4.5 mm from
the center of the fovea (approximately 16 degrees) [18]. The 4 × 4 macular grid analysis
approximately covered this area, while the 2 × 2 covered it only partially.

Anatomically, the GCL, mRNFL, and pRNFL constitute the first units within the
visual pathway. Irreversible axonal damage at any level can cause transsynaptic retrograde
axonal degeneration, which will lead to an atrophy of the inner retinal structures (RNFL
and GCIPL) [15].

Optic neuritis is one of the most frequent manifestations of MS. After an acute episode
of optic neuritis, the pRNFL has no immediate change and is substantially decreased only
at three months [19]. In this study, we only included patients more than 3 months after
an ON event. It seems that pRNFL atrophy ends about 6 months after the onset of optic
neuritis, the majority of the loss occurring in the first 3 months [20].

GCIPL analyses are reported to be superior compared to pRNFL measurements
in tracking the early atrophy caused by optic neuritis, being less influenced by the ax-
onal swelling following edema and inflammation [15,21]. Additionally, GCIPL atrophy
after optic neuritis can be detected earlier than pRNFL atrophy, at 1 month after on-
set [15]. Moreover, if the optic neuritis episode is extremely severe, the pRNFL will
show a floor effect, and only the GCIPL will still be useful as a biomarker of visual
pathway neurodegeneration [15].

Consistent with previously reported data [15], our study observed significant pRNFL
thinning in the RRMS eyes compared to the control group eyes, with the pRNFL atrophy
being more severe in the RRMS-ON eyes than the RRMS-NON eyes.

The normal average thickness of the global pRNFL has been shown to be approx-
imately 100 μm. Following an episode of optic neuritis in MS patients, SD-OCT mea-
surements have confirmed previously published data, recording a pRNFL atrophy of
20.10 μm [15]. Our study results regarding the average thinning of the global pRNFL in
RRMS-ON patients recorded a similar value of 19.95. The average global pRNFL thinning
in the RRMS-NON eyes was 10.79 μm compared to 7.41 μm reported by Petzold et al. [15].

It is already known that ON in MS has an impact on pRNFL thinning, especially in
the temporal sector, where papillomacular bundle nerve fibers appear that are important
for central vision [22].

We noticed that the RNFL atrophy in the RRMS eyes (both ON and NON eyes) affected
all the pRNFL sectors. There was pronounced pRNFL thinning in the RRMS-ON eyes
compared to the RRMS-NON eyes identified in the T, TI, and N sectors.

In the presence of optic neuritis, the RRMS eyes suffered a greater decrease in their
pRNFL thickness compared to the CIS eyes. This was observed only for the NS, N, NI, and
TI sectors.

We could not identify any change in the pRNFL thickness in the CIS-NON eyes when
compared to the control group, except for a decrease in thickness observed in the SN sector,
which was probably due to the small number of enrolled CIS-NON patients, presenting
an unidentified feature. No statistical difference was noticed in the pRNFL thickness
between the CIS-ON and CIS-NON eyes. Our results were consistent with previously
reported data [23].
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We observed no statistically significant difference between he CIS-ON and CTRL eyes
regarding the pRNFL, contrary to what Rzepisnki et al. [23] reported. In our study, due to
the small sample of CIS-ON patients, even if there was thinning in the pRNFL, especially
in the T sector, it could not have gained statistical significance.

We can also conclude that the pRNFL thinning was significantly influenced by the
presence of prior optic neuritis in the RRMS patients, emphasizing its value in proving
dissemination in the space of characteristic lesions in the CIS-ON patients, as Rzepin-
ski et al. [23] already stated.

Over time, several studies have shown statistically significant decreases in the pRNFL
and GCL thicknesses among RRMS patients, regardless of optic neuritis, compared
control groups [24–27].

In their meta-analysis, Petzold et al. [15] reported the atrophy of the GCIPL in both
MS-ON and MS-NON eyes compared to controls, the atrophy being more significant in the
MS-ON eyes. They also found no changes regarding the ONPL thickness in either MS-ON
or MS-NON eyes compared to controls and a minimal increase in its thickness in MSON
eyes versus MSNON eyes.

In their study, Martucci et al. [28] created a map of regions of interest in a posterior
pole analysis, characterized by statistically significant thinning in MS-NON eyes versus
control eyes, with each individual retinal layer showing an irregular damage distribution
of the same layers in MS patients. Additionally, in their study, the GCL and IPL damage
was more concentrated in the parafoveal area, so we consider it appropriate to analyze the
center of posterior pole assessment (comprising our 4 × 4 macular grid).

In our study, the OCT analysis using a 16-sector macular grid of the retinal layers
in RRMS-NON eyes revealed a significant thinning for the mRNFL, GCL, and IPL layers
compared those in the CTRL group, but only for the mRNFL and GCL when compared
to the CIS-NON eyes. Additionally, in this case, the four central sectors of the PP analysis
on the RRMS-NON eyes showed atrophy in both the GCL and IPL when compared to
either the CTRL or CIS-NON eyes. The macular 2 × 2 mRNFL presented no changes, as its
thickness was anatomically decreased in the foveal region.

The changes in the macular area of the RRMS-NON and CIS-NON eyes interest the
inner retina layers, regarding retinal ganglion cell layer complex (which is the thickest
in macular area [15]). When measuring the TMT and inner retina thickness, there was a
significant atrophy in the 2 × 2 and 4 × 4 central grids of the RRMS-NON eyes compared
to the CTRL eyes. Contrary to our results regarding TMT, a recent study [28] reported
no statistically significant difference in the average retinal thicknesses between RRMS-
NON and control eyes when comparing the entire posterior pole grid (64 sectors) analysis,
suggesting that macular 2 × 2 and 4 × 4 sector analyses could be more useful for detecting
early MS retinal changes. When comparing the RRMS-NON eyes with the CIS-NON eyes,
the average values for the TMT and inner retina had a significant decrease only on the 2 ×
2 macular grid. There was no significant alteration in the outer retinas in either the RRMS-
NON or CIS-NON eyes when comparing them to each other or to the controls. With respect
to the controls, the same finding, regarding the non-alteration in the outer retinas in the
MS-NON patients, was ascribable to a sparing of the outer retina from neurodegeneration
in the absence of ON [29–31]. Contrary to our findings, Saidha et al. [32] hypothesized the
existence of “primary retinal pathology” as a process totally independent of optic nerve
damage, based on their results regarding inner and outer retina thinning being mainly in
progressive MS-NON eyes.

In other words, we could say that the closer the macular analysis was performed to
the foveal area, the greater the discriminating power of the RRMS-NON changes compared
to the CIS-NON eyes. A question arises from this: do the retinal changes in MS start in the
central macular area?

In the ON group, the macular analysis showed statistically significant changes in the
RRMS-ON eyes when compared only to the CIS-ON eyes, with regard to the decrease in
the IPL and INL thickness on the central 2 × 2 macular grid. No changes appeared in the
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TMT values on either the 2 × 2 or 4 × 4 macular grid. The inner retina was thinner on the
2 × 2 macular grid of the RRMS-ON patients. Additionally, the outer retina displayed an
increase in its thickness on both the 2 × 2 and 4 × 4 macular grids in the RRMS-ON eyes
compared to the CIS-ON eyes. Although there have been reports of inner and outer retinal
alterations in MS patients, best-corrected vision acuity seems to be mainly influenced by
inner retinal changes in the parafoveal area [29].

The RRMS-ON eyes recorded a significant thinning of the mRNFL, GCL, IPL, inner
retina, and TMT on both the 2 × 2 and 4 × 4 macular grids compared to the RRMS-NON
eyes. They also had a decrease in the INL thickness in the 2 × 2 macular area and an
increase in the outer retina for the 4 × 4 macular grid. Thus, based on our results, the
presence of optic neuritis seems to produce changes regarding all the retinal layers.

The CIS-ON eyes experienced a significant decrease in their ganglion complex cell
layers for both the 2 × 2 and 4 × 4 macular grids and a decrease in the inner retina and
TMT for only the 2 × 2 macular grid when comparing them to the CIS-NON eyes.

In their study, Eslami et al. [33] and Rzepinski et al. [23] could not find significant
differences in the TMV (total macular volume) in either CIS-ON or CIS-NON eyes when
comparing them to healthy controls.

Regardless of a prior optic neuritis episode, macular retinal layer changes in MS pre-
dominantly affect the ganglion cell complex of the inner retina (consistent with previously
published data [15]).

In our study, the OCT analysis of the macular retinal layers in RRMS patients revealed
atrophy changes only in the retinal ganglion cell layer complex (mRNFL, GCL, and IPL),
which is the thickest in the macular area, with no thinning of the other retinal layers. Our
results were consistent with previously published data [15,34]. However, the atrophy of
INL could occur in some MS eyes of patients with a longstanding or progressive disease [35].
Significant correlations were also described between the increase in the INL thickness and
the decrease in the RNFL/GCIPL volume. The first mentioned appears as a compensatory
mechanism for the changes in the other retinal layers [36].

There are several limitations of this study. First of all, we had a relatively small number
of participants, mostly in the CIS group.

Secondly, we used only the central 4 and 16 sectors of the macular area, avoiding
any interference with large superior and inferior temporal retinal vessels and focusing our
analyses on the macular area, where the greatest density of ganglion cells is. Additionally,
we used the macular area changes as a surrogate for the global retinal neurodegeneration
in MS, as SD-OCT measurements could not analyze the nasal retina. Finally, the OCT data
were collected manually.

5. Conclusions

Posterior pole analyses could be an important assessment tool for monitoring the
protocol of neurodegeneration in multiple sclerosis, thus helping to differentiate MS pa-
tients from CIS patients, in the absence of optic neuritis, when using a central 2 × 2 sectors
macular grid.

Moreover, the fact that the macula is more affected in MS is an argument that the
identified changes are specific to MS and not only related to ON.

The neurodegenerative process affects both the inner retina and pRNFL, with clinical
damage appearing for the latter in the following order: CIS-NON, CIS-ON, RRMS-NON,
and RRMS-ON. In the presence of optic neuritis, SMRR patients could present alterations
in their outer retina too.
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Abstract: We aimed to evaluate the primary lung postmortem macro- and microscopic biomarkers
and factors associated with diffuse alveolar damage in patients with fatal coronavirus (COVID-19).
We retrospectively analyzed lung tissue collected from autopsies performed in Cluj-Napoca, Romania,
between April 2020 and April 2021 on patients with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). We examined 79 patients with confirmed SARS-CoV-2 infection, ages 34 to 96 years,
split into two groups using the cut-off value of 70 years. Arterial hypertension (38%) and type 2
diabetes mellitus (19%) were the most common comorbidities with similar distribution between
groups (p-values > 0.14). Macroscopically, bloody exudate was more frequently observed among
patients < 70 years (33/36 vs. 29/43, p-value = 0.0091). Diffuse alveolar damage (53.1%) was similarly
observed among the evaluated groups (p-value = 0.1354). Histopathological biomarkers of alveolar
edema in 83.5% of patients, interstitial pneumonia in 74.7%, and microthrombi in 39.2% of cases
were most frequently observed. Half of the evaluated lungs had an Ashcroft score of up to 2 and
an alveolar air capacity of up to 12.5%. Bronchopneumonia (11/43 vs. 3/36, p-value = 0.0456) and
interstitial edema (9/43 vs. 2/36, p-value = 0.0493) were significantly more frequent in older patients.
Age (median: 67.5 vs. 77 years, p-value = 0.023) and infection with the beta variant of the virus
(p-value = 0.0071) proved to be significant factors associated with diffuse alveolar damage.

Keywords: histopathology biomarker; severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2);
coronavirus disease (COVID-19); autopsy; lung

1. Introduction

Severe acute respiratory coronavirus 2 (SARS-CoV-2) is known to produce coronavirus-19
(COVID-19), a pathology classified as a multisystemic disease [1] that primarily affects
the lungs [2,3]. Upon entering the host organism, SARS-CoV-2 binds to the angiotensin-
converting enzyme-2 (ACE2) receptor on the cell surface, allowing the virus to enter the cell
and promote replication. The ACE2 receptors are expressed in several tissues, including
the heart, lungs, and kidneys [4,5].

In mild cases of infection, SARS-CoV-2 primarily causes lower respiratory tract in-
fections (LRTIs) and severe pneumonia. In advanced cases, the disease can lead to acute
respiratory distress syndrome (ARDS), septic shock, multiple organ dysfunction syndrome
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(MODS), and eventually death [6]. Due to the absence of adequate biosafety measures
during the initial stages of the pandemic, there were limited histopathological studies
conducted, which prevented the medical community from understanding the full extent
of the virus’s effect on humans [7]. The number of postmortem examination studies is
still limited, even though they are an invaluable tool for determining the pathogenesis of
any disease, including COVID-19. Furthermore, autopsies can provide additional data to
improve clinical care and treatment strategies [8]. Although the virus can cause lesions to
other organs and tissues, lung changes are the most severe and will be this study’s primary
area of focus.

The lung lesions caused by the SARS-CoV-2 virus previously reported in the scientific
literature are summarized and briefly presented in Table 1. The table provides a clear
overview of the macroscopic and microscopic changes that occur in the lungs due to
infection, making it easier to understand the impact of the virus on this vital organ. Despite
widespread vaccination campaigns and public health interventions in many countries, the
virus continues to spread, leading to illnesses, hospitalizations, and fatalities. New virus
variants are emerging, some more transmissible and potentially more resistant to vaccines,
making it harder to control the ongoing pandemic [9].

Table 1. Lung pathological findings reported in patients with COVID-19.

Authors Year * Country
Age

Range
(Years)

Sample
Size

Macroscopic
Findings

Microscopic
Findings

Fox et al.
[10] 2020 US 44–78 10

(a) Pleurisy; (b) patchy pattern
edema; (c) pulmonary

infarction
(a) DAD; (b) microthrombi

Roden
et al.
[11]

2020 US 69–94 8
(a) Consolidation; (b) pleurisy;
(c) patchy pattern; (d) fibrosis;

(e) pulmonary embolism

(a) DAD; (b) squamous metaplasia;
(c) bronchopneumonia;

(d) pulmonary embolism

Edler et al.
[12] 2020 Germany 52–96 80

(a) Congestion; (b) pleurisy;
(c) patchy pattern;

(d) tracheobronchitis;
(e) bronchopneumonia

(a) DAD; (b) squamous metaplasia;
(c) bronchopneumonia; (d) fibrosis

Menter
et al.
[13]

2020 Switzerland 53–96 21
(a) Severe congestion;

(b) consolidation;
(c) bronchopneumonia

(a) DAD; (b) capillary stasis;
(c) bronchopneumonia; (d) interstitial

pneumonia; (e) edema; (f)
microthrombi; (g) pulmonary

embolism

Carsana
et al.
[14]

2020 Italy 32–86 38 (a) Congestion; (b) edema;
(c) patchy pattern

(a) DAD; (b) capillary stasis;
(c) bronchopneumonia; (d) interstitial

pneumonia; (e) edema; (f)
microthrombi; (g) atypical
pneumocytes; (h) fibrosis

Lax et al.
[15] 2020 Austria 75–91 11

(a) Congestion;
(b) emphysema; (c) pulmonary

embolism; (d) pulmonary
infarction

(a) DAD; (b) bronchopneumonia;
(c) interstitial pneumonia; (d) edema;

(e) microthrombi; (f) fibrosis;

Suzuki
et al.
[16]

2022 Japan 28–96 41
(a) Consolidation;

(b) tracheobronchitis;
(c) pulmonary embolism

(a) DAD; (b) bronchopneumonia;
(c) tracheobronchitis;

(d) microthrombi

Viksne
et al.
[17]

2022 Latvia 22–94 88 No data (a) DAD; (b) microthrombi;
(c) pulmonary embolism; (d) fibrosis

* Year of collected data; DAD = diffuse alveolar damage.
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Histopathological findings can accelerate the identification of effective epidemiological
and medical strategies to reduce the progression of a pandemic caused by a novel virus
with rapid and exponential transmission rates. A higher fatality rate has been reported in
older subjects, but histological differences among different age groups were insufficiently
documented. Furthermore, limited evidence exists on factors associated with microscopic
diffuse alveolar damage. Our study had a two-fold aim: first, to identify the primary
lung postmortem macroscopic and microscopic biomarkers observed in patients who
died of COVID-19 using standard, special staining, and digital microscopy techniques in
relation to age, and second„ to identify and evaluate if there are any factors associated with
microscopic diffuse alveolar damage.

2. Materials and Methods

The study followed the Declaration of Helsinki, and its protocol was approved
by the Ethics Committee of the Iuliu Hat,ieganu University of Medicine and Pharmacy
Cluj-Napoca (DEP67/14.12.2021) and of the Institute of Legal Medicine, Cluj-Napoca
(2406/XII/703/24.03.2022).

2.1. Study Settings and Design

We conducted an observational cohort study. All autopsies performed by forensic
pathologists at the Institute of Legal Medicine Cluj-Napoca, Romania, were evaluated on
patients who tested positive for SARS-CoV-2 ante- or postmortem between April 2020 and
April 2021.

We included in our study only patients with COVID-19 confirmed disease regardless
of the comorbidities, to whom an autopsy was performed in our institute in the study time-
frame, and the lung tissue blocks were available from both lungs. We excluded patients
with uncertain COVID-19 diagnosis from the analysis and those with confirmed COVID-19
disease with autopsy but without lung tissue blocks harvested from both lungs.

Demographic (sex, age, and living environment), epidemiological (symptoms onset,
symptomatology duration, and date of death), and clinical (overlapping infections, mechan-
ical ventilation) data were collected retrospectively from forensic reports. Comorbidities
(class of body mass index, chronic obstructive pulmonary disease, arterial hypertension,
congestive heart failure, myocardial infarction, diabetes mellitus, autoimmune diseases,
liver steatosis, hepatitis, cirrhosis, chronic renal disease, malignant tumors, and brain stroke)
were documented based on the available clinical data and the morphological observations
made during autopsies.

2.2. Histological Processing and Staining

The harvested lung tissues were fixed in 10% neutral buffered formalin, processed,
and paraffin embedded. The paraffin block was sectioned at 0.5 μm. Slides were manually
stained using hematoxylin and eosin to highlight the cells, nuclei, and trichrome Masson to
visualize collagen fibers and evaluate interstitial fibrosis.

Trichrome Masson’s special staining implied deparaffinization and rehydration through
successive baths of 100%, 95%, and 70% alcohol. The lung tissue was rinsed and then
stained in Wiegert’s iron hematoxylin for 10 min, rinsed, washed, and stained in Biebrich
scarlet-acid fuchsin solution, and washed and differentiated in the phosphomolybdic-
phosphotungstic acid solution until the collagen changed color. The lung tissue was
dehydrated, cleared in xylene, and mounted on a microscopic slide.

2.3. Microscopic Examination

One independent board-certified pathologist evaluated the lung tissue samples and
was blinded to patient characteristics and diagnoses. A Leica DM2500 microscope (Buffalo
Grove, IL, USA) was used to examine the H&E slides. The findings were evaluated based
on standard histopathological practice [18–20].
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The trichrome Masson stained slides were examined as digital whole slide images. The
extent of fibrosis in the lung parenchyma was evaluated using the Ashcroft score [21], a semi-
quantitative scoring system that assesses the degree of lung fibrosis on histopathological
digital slides. The Ashcroft score ranges from 0 to 8, based on the degree of fibrous
thickening of the alveolar walls, lung architecture damage, and small fibrous proliferative
bundles [21]. Moreover, the number of fibroblastic bundles was manually counted in a
25 cm2 area of lung tissue.

2.4. Morphometric Analysis

Whole Slide Images were obtained by scanning the physical trichrome Masson’s slides
using a Pannoramic SCAN 150 by 3DHISTECH (Budapest, Hungary). The average scan-
ning parameters were: 20× magnification, using a Plan-Apochromat objective and a CIS
VCC camera with a micrometer/pixel ratio of 0.194475, scan duration of 17 min, calibrated
color scheme, 112,640 × 243,200-pixel slide dimension, 9454 scanned fields of view, file
size 2.72 GB. Measurement of the percentage of alveolar space was performed using the
software SlideViewer by 3DHISTECH (version 2.6, Budapest, Hungary) (SlideViewer, RRID:
SCR_017654). Using the plugin “Gradient Map Visualizations” we converted the trichrome
Masson microscopic slides into an RGB spectrum (RedGreenBlue) slides where red and
green highlighted interstitial and vascular structures and blue highlighted the alveolar
space. We took snapshots of the pulmonary section slides and saved them as TIFF.files.
Adobe Photoshop CC 2019 (San Jose, CA, USA) (Adobe Photoshop, RRID: SCR_014199)
was used to crop and edit the image only to include the lung parenchyma without vascular
lumina, which had the same color as alveolar spaces. The digital analysis was performed
using the image analysis software ImageJ/Fiji (version 2.13.1, LOCI, University of Wiscon-
sin, Madison, WI, USA) (ImageJ, RRID: SCR_003070) with the RGB Stack option to make a
montage and adjust the color threshold of BLUE to 100–250 and analyzed the image by the
following measurements: area, area fraction, and limit threshold. The same optical and
image parameters, scan settings, and hardware versions were used to evaluate all images.
The user defined the area of interest (ROI), and the software retrieved the percentage of
free alveolar space from the examined section (Figure 1).

 

Figure 1. (A). Pulmonary parenchyma in Trichrome Masson stain at 20× magnification. (B). Red
Green Blue (RGB) conversion using the Gradient Map Visualisation tool (SlideViewer by 3DHIS-
TECH) highlights alveolar air space in the blue spectrum. (C). Overall view of the pulmonary
fragment at 0.5× magnification, in RGB, after cropping vascular spaces using Adobe Photoshop CS9.
(D). Pulmonary fragment after RGB stacking using ImageJ/Fiji software (version 2.13.1), highlighting
only the free alveolar spaces in a white gradient to measure the total air-filled alveolar percentage of
entire lung fragment tissue.
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2.5. Statistical Analysis

We classified patients as infected with variant alpha (B.1.1.7) or beta (B.1.351, starting
from March 2021) according to information available in Global Initiative on Sharing All
Influenza Data (GISAID) [22].

We divided the cohort according to age into two groups (<70 years vs. ≥70 years),
and we compared demographic, macroscopic, and microscopic characteristics between the
two groups.

Shapiro–Wilk test (p < 0.05) and Q-Q plots were used to assess the normality of quanti-
tative variables. Continuous data exhibiting non-normal distribution were described as the
median and interquartile range (IQR). Categorical variables are summarized as absolute
frequencies and percentages. Fisher or Chi-squared tests were applied to test associations
in contingency tables based on the appropriate counts of the expected frequency tables.
Differences between investigated groups were evaluated with non-parametric tests (Mann–
Whitney U test) for continuous variables with non-normal distribution. All tests were
two-sided, and the results were considered significant at p-values < 0.05.

Logistic regression was applied to identify factors related to diffuse alveolar damage
(DAD) occurrence. Those factors who were associated with DAD at a p-value less than
0.25 in uni-variable models [23] were included in the multivariable regression model using
stepwise selection, forward Wald.

Statistical description and analyses were conducted using Simple Interactive Statistical
Analysis (SISA by Quantitative Skills, Available Online: https://www.quantitativeskills.
com/sisa/ (accessed on 7 March 2023)), IBM SPSS trial version (Armonk, NY, USA) (IBM
SPSS Statistics, RRID: SCR_019096), and Microsoft Office Excel 365 (Redmond, WA, USA)
(Microsoft Excel, RRID: SCR_016137).

3. Results

3.1. Patients Characteristics

Seventy-nine patients aged between 34 and 96 years old, 36 (45.6%) younger than
70, and 43 (54.4%) older than 70, were evaluated. Among the 79 patients included in
the analysis, 51 (64.6%) died in 2020, and 28 (35.4%) died in 2021. Men (median age
of 70, IQR = [60 to 79]) were statistically significant younger (Mann–Whitney test: Z
statistics = −2.2, p-value = 0.0263) than women (median age of 80, IQR = [68 to 85]). Six
patients (7.6%) were under the age of 50, ten patients (12.7%) were between the ages of 50
to 59, and twenty patients (25.3%) were 60 to 69 years old. Most deaths, 51.9% (n = 41),
occurred in the hospital setting, followed by 25.3% (n = 20) at home and 13.9% (n = 11) in
an ambulance. The place of death could not be determined for one patient. Data regarding
days from symptom onset to death was available only for 25 cases and ranged from 1 day
to 35 days.

The two investigated groups were similar regarding demographic characteristics, as
shown in Table 2.

The number of comorbidities varied from none to nine, without a significant associa-
tion between the presence of comorbidities (any) and sex (χ2 = 0.1, p-value = 0.7509). The
top three most frequent comorbidities observed in the cohort were: arterial hypertension
(38%), type 2 diabetes mellitus (19%), and congestive heart failure (12.7%). A clinical history
of myocardial infarction was observed exclusively in patients older than 70. Only one man,
72 years old, had a clinical diagnosis of liver cirrhosis; another man, 46 years old, had
chronic renal disease. Fifteen (19%) patients had mechanical ventilation, eleven (25.6%)
being in the group older than 70, but the difference did not reach the statistical significance
threshold (χ2 = 2.7, p-value = 0.1024).

Regarding the microbiological results, two patients had positive sputum cultures for
Acinetobacter baumannii, and another showed the presence of Aspergillus. One patient’s
bronchoalveolar lavage fluid exhibited a mixture of Acinetobacter baumannii, Candida albicans,
and Pseudomonas aeruginosa.
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Table 2. Demographic and comorbidities characteristics of evaluated patients.

Characteristic
All, n = 79

no. (%)
<70 Years, n = 36

no. (%)
≥70 Years, n = 43

no. (%)
Stat. (p-Value)

Sex 1.2 (0.2721)
Female 20 (25.3) 7 (19.4) 13 (30.2)
Male 59 (74.7) 29 (80.6) 30 (69.8)

Living area 0.5 (0.4988)
Urban 54 (68.4) 26 (72.2) 28 (65.1)
Rural 25 (31.6) 10 (27.8) 15 (34.9)

Class of BMI 4.4 (0.2220)
underweight 13 (16.5) 3 (8.3) 10 (23.3)

normal 22 (27.8) 10 (27.8) 12 (27.9)
obesity grade 1–2 35 (44.3) 17 (47.2) 18 (41.9)

obesity grade 3 9 (11.4) 6 (16.7) 3 (7)

Comorbidities
Arterial hypertension 30 (38) 12 (33.3) 18 (41.9) 0.6 (0.4367)

Type 2 diabetes mellitus 15 (19) 6 (16.7) 9 (20.9) 0.2 (0.6304)
Congestive heart failure 10 (12.7) 4 (11.1) 5 (11.6) n.a (0.8622)

COPD 7 (8.9) 3 (8.3) 4 (9.3) n.a (0.8480)
Myocardial infarction 5 (6.3) 0 (0) 5 (11.6) n.a (0.0381)

Hepatic steatosis 6 (7.6) 2 (5.6) 4 (9.3) n.a (0.5431)
Malign tumors 7 (8.9) 3 (8.3) 4 (9.3) n.a (0.8480)

Stroke 6 (7.6) 1 (2.8) 5 (11.6) n.a (0.1496)

Results are reported as no. (%), where no.= absolute frequency; Stat. is the χ2 statistics. Statistically significant
p-values are highlighted in bold (p < 0.05); the remaining values were non-significant. BMI = body mass index;
COPD = Chronic obstructive pulmonary disease; n = sample size; n.a. = not applicable, and whenever listed the
p-value results are from Fisher’s exact test.

3.2. Macroscopic Findings

Upon macroscopic examination, all patients’ lungs displayed an increase in con-
sistency, with patchy patterns observed in 63 cases (79.7%) and pulmonary infarctions
observed in 39 cases (49.4%). Upon sectioning and palpation, 62 patients (78.5%) exhibited
bloody exudate, 58 patients (73.4%) showed edematous exudate, and 17 patients (21.5%)
had purulent exudate. Out of the total cases where lung weight measurements were taken
(62 cases), the median combined weight of the right and left lungs was 1748 g, ranging be-
tween 610 g to 3005 g. The macroscopic findings of the lungs by age group are summarized
in Table 3.

Table 3. Macroscopic characteristics of lung tissue by age group.

Characteristic All, n = 79 <70 Years, n = 36 ≥70 Years, n = 43 Stat. (p-Value)

Combined lung weight, g 1.5 (0.1276) *
median [Q1 to Q3] 1748 [1338 to 2090] 1830 [1505 to 2115] 1645 [1235 to 1865]

{min to max} {610 to 3005} {1225 to 2425} {610 to 3005}
Patchy pattern, no. (%) 63 (79.7) 30 (83.3) 33 (76.7) 0.5 (0.468)
Bloody exudate, no. (%) 62 (78.5) 33 (91.7) 29 (67.4) 6.8 (0.0091)
Edema exudate, no. (%) 58 (73.4) 27 (75) 31 (72.1) 0.1 (0.7708)

Purulent exudate, no. (%) 17 (21.5) 5 (13.9) 12 (27.9) 2.3 (0.1311)
Pulmonary infarction, no.

(%) 39 (49.4) 20 (55.6) 19 (44.2) 1 (0.3141)

Results are reported as absolute frequency (percentage) for no. (%); * Mann-Whitney test; Stat. is the χ2

statistics when the results are reported as no. (%). Q1 = first quartile; Q3 = third quartile; min = minimum;
max = maximum.
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3.3. Microscopic Findings

Histologically, 42 patients (53.1%) exhibited diffuse alveolar damage (DAD) (Figure 2).
Among these patients, twenty-two (27.8%) had DAD in the exudative phase, fifteen (19%)
in the organizing phase, and five (6.3%) in the fibrosis phase (Table 4).

 

Figure 2. (A) Interstitial pneumonia in an 81-year-old male, H&E at 6× magnification, alveolar walls
are thickened by inflammatory infiltrate, congestion is marked, and alveolar spaces are deformed.
(B) Thickened eosinophilic hyaline membranes (<) covering the alveolar walls, indicative of organiz-
ing phase diffuse alveolar damage (DAD grade 2) in a 69-year-old male, H&E at 10× magnification.
(C) Widespread pulmonary infarctions with diffuse hemorrhage in a 77-year-old male, H&E at 5×
magnification. (D) Increased fibrosis with damage to lung structure and formation of fibrous bands
and proliferative nodules (*) in a 60-year-old male, trichrome Masson, at 20× magnification. (E) Over-
lapping bronchopneumonia, with abundant neutrophilic infiltrate within alveolar and bronchial
space, in an 87-year-old female, H&E at 10× magnification. (F) Recently developed microthrombi,
comprised of fibrin and inflammatory cells (ˆ) and alveolar edema in an 84-year-old female, H&E at
20× magnification.

In addition, microthrombi (Table 4) were observed in 31 cases (39.2%), with those aged
over 70 years, 18 patients (41.9%), being the most affected group. In 29 patients (36.8%),
alveolar epithelial desquamation was observed and graded accordingly. Bronchopneumo-
nia (Table 4) was identified in 14 patients (17.7%), while purulent tracheitis was present in
twelve (15.2%). Both bronchopneumonia and tracheobronchitis are defined by the presence
of neutrophiles in either bronchial or alveolar spaces. Alveolar edema was observed in
66 cases (83.5%), while interstitial pneumonia (Table 4) was present in 59 patients (74.7%).
Interstitial pneumonia is defined by the presence of lymphocytes and plasmocytes in the
lung interstitium.

Due to inadequate preanalytical processing, the Ashcroft score was evaluated in
76 patients, highlighting interstitial fibrosis in trichrome Masson (Table 4). A median
score of 2, ranging from 1 to 3, was observed, with scores ranging from 0 to 6 in all cases,
regardless of age group. Alveolar air capacity was quantified, with a median value of
12.5%, ranging from 7% to 20.1%.
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Table 4. Microscopic characteristics of lung tissue by age group.

Characteristic All, n = 79 <70 Years, n = 36 ≥70 Years, n = 43 Stat. (p-Value)

DAD, no. (%) n.a. (0.1354)
Absent 37 (46.8) 12 (33.3) 25 (58.1)

Exudative phase 22 (27.8) 13 (36.1) 9 (20.9)
Organizing phase 15 (19) 9 (25) 6 (14)

Fibrosis phase 5 (6.3) 2 (5.6) 3 (7)

Lung congestion, no. (%) n.a. (0.9935)
Absent 8 (10.1) 4 (11.1) 4 (9.3)
Slight 22 (27.8) 10 (27.8) 12 (27.9)

Moderate 29 (36.7) 13 (36.1) 16 (37.2)
Severe 20 (25.3) 9 (25) 11 (25.6)

Microthrombi, no. (%) 31 (39.2) 13 (36.1) 18 (41.9) 0.3 (0.6022)

Epithelial desquamation, no. (%) n.a. (0.8561)
Absent 50 (63.3) 21 (58.3) 29 (67.4)
Slight 15 (19) 8 (22.2) 7 (16.3)

Moderate 10 (12.7) 5 (13.9) 5 (11.6)
Severe 4 (5.1) 2 (5.6) 2 (4.7)

Bronchopneumonia, no. (%) 14 (17.7) 3 (8.3) 11 (25.6) 4.0 (0.0456)

Tracheobronchitis, no. (%) 12 (15.2) 3 (8.3) 9 (20.9) 2.4 (0.1203)

Alveolar edema, no. (%) 66 (83.5) 31 (86.1) 35 (81.4) 0.3 (0.5734)

Interstitial edema, no. (%) 11 (13.9) 2 (5.6) 9 (20.9) 3.9 (0.0493)

Antrachotic pigment, no. (%) 3.6 (0.1688)
Absent 48 (60.8) 25 (69.4) 23 (53.5)
Slight 16 (20.3) 4 (11.1) 12 (27.9)

Moderate 15 (19) 7 (19.4) 8 (18.6)

Interstitial pneumonia, no. (%) 59 (74.7) 29 (80.6) 30 (69.8) 1.2 (0.2721)

Emphysema, no. (%) 40 (50.6) 17 (47.2) 23 (53.5) 0.3 (0.5790)

Ashcroft Score −0.4 (0.6692)
Median [Q1 to Q3] 2 [1 to 3] 2 [1 to 3] 2 [1 to 3]

{min to max} {0 to 6} {0 to 6} {0 to 6}

Proliferative nodules (no./25 cm2) −1.2 (0.2348)
Median [Q1 to Q3] 2 [0 to 3.3] 1 [0 to 3] 2 [0 to 4]

{min to max} {0 to 11} {0 to 7} {0 to 11}

Alveolar air capacity −0.4 (0.6616)
Median [Q1 to Q3] 12.5 [7 to 20.1] 11.4 [6.8 to 21.5] 12.8 [7.9 to 17.1]

{min to max} {1 to 50.5} {1.8 to 50.5} {1 to 32.5}

no. (%) stands for no = absolute frequency; Q1 = first quartile; Q3 = third quartile; min = the lowest value;
max = the highest value; Stat. is the χ2 statistics when the results are reported as no. (%), Fisher’s exact test
when n.a. (not applicable) is displayed, or Z values associated to the Mann-Whitey test otherwise; DAD = diffuse
alveolar damage.

3.4. Factors Associated with Diffuse Alveolar Damage

Diffuse alveolar damage (DAD) was present in 42 patients and was more frequently
observed in patients infected with beta variant (alpha vs. beta: 30 (46.2%) vs. 12 (85.7%),
χ2 statistics = 7.2, p-value = 0.0071). Patients with DAD were significantly younger than
those without DAD (with vs. without 67.5 years—IQR [54.3 to 78.5] vs. 77 years [66
to 82], Mann Whitney test: p-value = 0.023). No significant association was identified
between the presence of DAD and sex (women vs. men: 10 (50%) vs. 32 (54.2%), χ2

statistics = 0.1, p-value = 0.7428), obesity (obesity vs. non-obesity: 27 (61.4%) vs. 15 (42.9%),
χ2 statistics = 2.7, p-value = 0.1015), or mechanical ventilation (with vs. without mechanical
ventilation: 9 (60%) vs. 33 (51.6%), χ2 statistics = 0.3, p-value = 0.5556). Age and variant
proved significant risk factors in both uni- and multivariable regression analysis (Table 5).
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Table 5. Univariable and multivariable logistic regression model and adjusted OR and associated
95% confidence interval of the presence of DAD.

Variable
Univariable Multivariable *

OR [95%CI] p-Value OR [95%CI] p-Value

Age, years 0.96 [0.92 to 0.99] 0.0204 0.96 [0.92 to 0.99] 0.0190
Obesity 2.12 [0.86 to 5.23] 0.1036

Variant, alpha = reference 7.00 [1.45 to 33.80] 0.0154 7.59 [1.51 to 38.10] 0.0138

* Hosmer and Lemeshow Test χ2 = 5.77, p-value = 0.5663; Nagelkerke R2 = 0.219; model with intercept; Model:
log (DAD/(1-DAD) = 3.085–0.046 × ge + 2.027 × Variant (Beta); Percent correct = 62%.

4. Discussion

Our study showed that the top three lung histopathological biomarkers in patients
with fatal COVID-19 are alveolar edema, interstitial pneumonia, and microthrombi, with
markers of bronchopneumonia and interstitial edema more frequent in older patients
(≥70 years). Overall, a low grade of interstitial fibrosis was observed in our cohort, and
diffuse alveolar damage (53.1%) was significantly associated with age and beta variant of
the virus.

The most frequently observed comorbidities in our cohort were arterial hypertension
and type 2 diabetes mellitus. Although our study found similarities in lung histopatho-
logical lesions reported in other studies, the incidence and severity of lung lesions, such
as DAD, microthrombosis, and interstitial fibrosis, varied. Our study is the first to use the
Ashcroft score to quantify interstitial fibrosis, and it found an overall low grade of intersti-
tial fibrosis, which is different from other studies that did not quantify the phenomenon,
especially on a microscopic level.

The percentage of free alveolar space in normal lung tissue varies based on factors
such as age, smoking history, and environmental exposures, and it ranges from 70–90%
depending on the specific location within the lung and the individual’s age, with the rest of
the space occupied by capillaries, elastic fibers, and other structures [24,25]. Our study is
the first to use digital slides and image analysis software to microscopically evaluate the
percentage of free alveolar space, which was found to be a median of 12.5%.

Our data showed that most patients died in 2020, while only a small percentage died
in 2021. The observed shift in the distribution of COVID-19 fatalities from 2020 to 2021
could be attributed to several factors. Changes in treatment options, such as developing
new drugs and therapies, may have reduced the number of deaths [26]. Furthermore,
increased vaccination efforts could have contributed to decreased COVID-19 deaths [27].
Other factors, such as the patient’s age, underlying comorbidities, and access to medical
care, may have also influenced the distribution of deaths between the two years.

Even though most of our participants were men (Table 2), they were statistically
significantly younger than women (p-value < 0.03). Jin et al. reported a higher COVID-19
mortality rate in men than in women, even though women are, on average, older than men
among COVID-19 patients [28]. Yeap et al. reported that men could be more susceptible
to severe COVID-19 disease due to higher levels of testosterone and a higher number
of comorbidities, such as hypertension, cardiovascular disease, and diabetes [29]. Our
results did not support the association between sex and comorbidities (p-value > 0.70).
Another possible explanation is that women have a stronger immune response to viral
infections, including SARS-CoV-2, which could help protect them from the severe form
of the disease [30]. Women also have higher levels of estrogen, which has been shown to
have anti-inflammatory properties that could potentially reduce the severity of COVID-19
symptoms [31]. Overall, more research is needed to fully understand the reasons for the
sex differences in COVID-19 mortality and to develop effective strategies for reducing
the impact of the disease on both men and women. In our study, the most observed
comorbidities were arterial hypertension, diabetes mellitus type 2, and congestive heart
failure. This is consistent with previous research that suggests that individuals with
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preexisting medical conditions and the elderly are more vulnerable to the life-threatening
effects of the virus [32].

The findings in our study revealed that all the lungs showed signs of acute lung injury
(Tables 3 and 4). One of the common findings in SARS-CoV-2 autopsies is an increased con-
sistency of the lungs, present in all cases in our cohort, similarly reported by other autopsy
studies [11]. The average lung weight in human autopsies can vary depending on age, sex,
height, weight, and smoking history. Grandmaison et al. reported that adults’ average lung
weight ranges from 460–800 g per lung, with slight differences based on sex [33]. Increased
pulmonary consistency is not a specific or diagnostic feature of COVID-19, as many other
lung diseases and conditions can also cause changes in lung density or consistency. In
addition, lung weight can vary widely even among healthy individuals, making it difficult
to use this measure as a diagnostic tool for lung disease [34]. In our study, the consistency is
explained by the lesions associated with ARDS, vascular stasis due to cardiac insufficiency,
pulmonary fibrosis, and overlapping bronchopneumonia (Table 4), as described by other
histopathological studies of the COVID-19 lung (Table 1) [15,35,36].

In COVID-19, bloody exudate in the lungs can be attributed to a pro coagulative state
and microthrombosis [37], causing an inability to drain the blood flow to the heart and
systemic circulation, thus leading to a bloody exudate to be found when sectioning the
lungs. Ranucci et al. found that COVID-19 patients with ARDS exhibited a procoagulant
pattern characterized by elevated levels of D-dimer, fibrinogen, and factor VIII, among
other markers suggesting that this procoagulant state may contribute to the development
of thrombotic complications in these patients [37]. In our study group, bloody exudate was
found more frequently in younger patients (Table 3).

Bronchopneumonia and tracheobronchitis (Table 4) were present in less than 20% of
the cases. The two findings can result from bacterial superinfection in patients with SARS-
CoV-2 rather than a direct result of the virus-induced lung tissue damage. SARS-CoV-2
primarily targets the respiratory tract and causes lung lesions that predispose to secondary
bacterial infections, exacerbating respiratory symptoms and leading to bronchopneumonia
and purulent tracheobronchitis. Studies have shown that bacterial superinfection can occur
in many patients with COVID-19, particularly those requiring hospitalization or having
other underlying health conditions [38,39]. The mechanisms underlying this process are
not fully understood but may involve the direct infection of lung cells and the activation of
immune responses contributing to tissue damage. Overall, while bacterial superinfection
can contribute to the development of bronchopneumonia and purulent tracheobronchitis
in patients with SARS-CoV-2, the direct effects of the virus on lung tissue cannot be ruled
out, and further research is needed to understand the mechanisms involved.

Interstitial pneumonia is a common finding in severe COVID-19 cases. It is character-
ized by inflammation and scarring of the tissue between the air sacs in the lungs. Our study
identified the presence of interstitial pneumonia (Table 4) in 74.7% of cases, which was
similar, albeit higher, to the study conducted by Huang et al., which reported an incidence
of 64% [40].

Pulmonary interstitial fibrosis (PIF) is a condition characterized by the scarring of the
lung tissue, which can impair lung function; the extent of interstitial fibrosis in COVID-19
patients is still poorly understood and remains an active area of research. Several studies
have reported the development of PIF in patients with COVID-19, especially those with
severe disease or who require mechanical ventilation [41,42]. In a cohort of 174 COVID-19
patients who underwent chest computed tomography (CT) scans, 25% had evidence of
interstitial lung changes, including ground-glass opacities, consolidation, and reticula-
tion, characteristic of PIF [43]. Another study published in European Radiology 2020
reported that PIF was present in 22.4% of COVID-19 patients who required mechanical
ventilation [44].

In our research, we have found a degree of interstitial fibrosis (Table 4) in most cases
and have used the Ashcroft score [21] to evaluate the extent, as well as counting the number
of proliferative fibroblastic nodules present in 25 cm2 of lung tissue. The Ashcroft score is
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commonly used to quantify microscopic interstitial lung fibrosis [21]. Barton et al. examined
the post-mortem lung tissue of six patients who died of COVID-19 and reported diffuse
alveolar damage and PIF in all cases, with varying degrees of severity [45]. Barton et al.
noted that PIF suggests that COVID-19 can cause lung fibrosis, which may contribute to
the long-term respiratory complications seen in some COVID-19 survivors [45]. However,
the long-term extent of PIF in COVID-19 patients and its impact on lung function and
overall health outcomes are still unclear, and further research is needed to understand the
relationship between SARS-CoV-2 and PIF and its long-term implications.

We found that half of our patients had DAD (Table 4), lower than reported in a multi-
institutional autopsy study conducted in Italy and New York City, where DAD was present
in 87% of cases [46]. In our analysis, DAD was more frequently observed in patients
infected with the beta variant of the virus than the alpha variant. Moreover, patients with
DAD were significantly younger than those without DAD. However, it is important to note
that this is a cross-sectional analysis, and the causal relationships between the viral variant,
age, and DAD cannot be established based on this study design alone.

The presence of microthrombi (Table 4) was lower in our study, with only 39.2% of
patients showing microthrombi compared to 84% in the aforementioned study [46]. Similar
findings were reported in other studies from northern Italy, where DAD was present in all
cases. Despite the same strain of the virus being present in our region, the reason for this
discrepancy is not yet fully understood [14].

In our study, the free alveolar space percentage (Table 4) values were below the normal
limits, emphasizing that the lesions induced by COVID-19 severely impact the amount of
free alveolar space. Imagistic-based studies suggest the same observations. Fox et al. found
that COVID-19 lungs had a marked reduction in the volume of the free alveolar space,
which was filled with cellular debris, fibrin, and hyaline membranes [10]. Furthermore,
COVID-19 patients had a significant reduction in the volume of the free alveolar space
compared to healthy controls, and the degree of reduction in the free alveolar space is
positively correlated with disease severity [43]. Different staining methods and image
analysis algorithms may yield slightly different results. Therefore, it is essential to interpret
histological data in the context of the specific method used to obtain it. Histopathological
lesions can provide a more detailed understanding of the severity and extent of SARS-CoV-2
infection.

In our study group, various pathological features, including DAD, microthrombosis,
emboli, infarctions, edema, bacterial infection, fibrosis, and interstitial pneumonia, indicate
that they likely contribute to the reduction of free alveolar space and compromise respira-
tory function, leading to death. Therefore, our study implicates these pathological features
as potential causes of respiratory insufficiency and subsequent mortality in COVID-19
patients.

Histopathological analysis of autopsy cases can help improve the accuracy of diagnosis,
particularly in cases where other diagnostic methods are inconclusive or unavailable,
helping clinicians to provide appropriate care and reduce the risk of transmission to
others. Autopsy analysis can also provide insights into the long-term effects of SARS-CoV-2
infection, including potential damage to organs and tissues, information that can be used
to develop long-term patient monitoring and treatment plans.

Our research stands out in the scientific community due to its unique position as one
of the few autopsy-based studies on a substantial number of cases, which supports its
originality and scientific value. By conducting autopsies soon after death, we obtained
high-quality tissue samples, ensuring an accurate assessment of histopathological biomark-
ers in fatal cases of coronavirus disease. The scarcity of autopsy studies in this context
adds significant value, providing crucial insights into the pathological manifestations and
underlying mechanisms of lung involvement. Moreover, including a large case number
strengthens the robustness and generalizability of our findings. By employing digital anal-
ysis of high-quality tissue samples, we have further enhanced the reliability and validity of
our histopathological assessments, leading to more accurate and meaningful conclusions.
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These factors collectively contribute to the novel histopathological insights that our research
provides.

Limitations of the Study

The study’s retrospective design limited the availability of clinical documentation
(e.g., smoking status, alcohol consumption, weight) for patients who died outside hospitals,
which may have impacted the accuracy of the data collected. Some tissue fragments could
not be evaluated due to inadequate preanalytical processing, including special staining,
which may have resulted in incomplete data. The specific variants of SARS-CoV-2 present
in the patients included in the study could not be evaluated for each patient because it
was not currently determined, which may have limited the conclusions that can be drawn
regarding the virus’s impact on the study population. Long-term evaluation of virus-
associated histopathological changes could not be evaluated because patients in our cohort
did not survive for more than two weeks after the initial COVID-19 infection.
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Abstract: Saliva is a biofluid that reflects general health and that can be collected in order to evaluate
and determine various pathologies and treatments. Biomarker analysis through saliva sampling is an
emerging method of accurately screening and diagnosing diseases. Anti-epileptic drugs (AEDs) are
prescribed generally in seizure treatment. The dose–response relationship of AEDs is influenced by
numerous factors and varies from patient to patient, hence the need for the careful supervision of
drug intake. The therapeutic drug monitoring (TDM) of AEDs was traditionally performed through
repeated blood withdrawals. Saliva sampling in order to determine and monitor AEDs is a novel,
fast, low-cost and non-invasive approach. This narrative review focuses on the characteristics of
various AEDs and the possibility of determining active plasma concentrations from saliva samples.
Additionally, this study aims to highlight the significant correlations between AED blood, urine and
oral fluid levels and the applicability of saliva TDM for AEDs. The study also focuses on emphasizing
the applicability of saliva sampling for epileptic patients.

Keywords: saliva; biomarkers; anti-epileptic drugs; therapeutic drug monitoring; seizure; epilepsy

1. Introduction

A biomarker can be defined as a “characteristic that is measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or responses to an expo-
sure or intervention, including therapeutic interventions” [1,2]. Biomarkers are objective
indicators that serve a variety of purposes, from screening and diagnosing conditions to
monitoring the effects of treatments or even the progression and prognosis of a disease [1,3].

Most of these biomarkers are assessed through various types of human biological
sampling, such as serum, plasma, urine, sputum, etc., depending on the types of investiga-
tions required [4]. Blood sampling is usually invasive and anxiety-inducing for patients,
with a need for a more restrictive clinical setting. Moreover, there is a limited number of
samples that can be collected, and associated difficulties in obtaining those samples from
the pediatric and geriatric populations. For that reason, there is a lot of ongoing research
regarding the use of other biological matrices for medical investigation purposes, especially
for those patients whose clinical status is difficult to assess [1,4].

Saliva biomarker analysis is an emerging field that is attracting an increased interest,
being noninvasive and requiring no medical personnel to perform it. Moreover, the fact that
it can be performed repeatedly represents the basis of an effective approach in large-scale
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screening [1]. The hundreds of substances in saliva composition help to detect diseases,
provide evidence of exposure to harmful substances and assess overall health status [5].

Saliva composition is influenced by factors such as age, gender, diet, drug intake, level
of hygiene, type of stimulus and even the circadian rhythm [5–7]. The production of oral
fluid can also be quantitatively and qualitatively modified by numerous physiological and
pathological conditions [8]. As a result, saliva samples are variable and unstable, with
a composition that varies greatly both intra- and inter-individually [5]. Moreover, all its
complex biochemical and physical chemical properties make research into saliva more
difficult [5].

Saliva primarily consists of water (99.5%), along with proteins (0.3%) and inorganic and
trace substances (0.2%) [5,7,8]. Glycoproteins, enzymes (e.g., α-amylase), immunoglobulins
and antimicrobial peptides are some of the protein constituents, whilst the inorganic
component consists of electrolytes (e.g., sodium, potassium, chloride, bicarbonate) [5,9,10].

The drug’s pH, the degree of protein binding, and its molecular weight, spatial
configuration and lipid solubility are among the numerous factors that can influence the
passage of drugs from blood to saliva [1,8]. Saliva pH values oscillate between 6 and 7,
with more alkaline values exhibited when the secretion is increased [5,7]. The blood and
oral fluid’s pH influence the passage of drugs from blood to saliva. A more acidic pH of a
drug leads to an enhanced drug diffusion. Therefore, acidic drugs are generally present in
lower concentrations in oral fluid than blood, whilst alkaline drugs are present at higher
concentrations [1,11,12]. On top of that, the substance’s acid dissociation constant (the
pKa) is a very important factor that determines the potential utility of saliva therapeutic
drug monitoring (TDM) for many drugs [1,8]. The pKa is a parameter that characterizes
a chemical compound’s ionization equilibria in relation to the compound’s acid–base
properties [13]. All the above-mentioned factors influence the passage and, consecutively,
the rapport of the blood: saliva drug concentrations.

The objectives of this narrative review are to assess the numerous characteristics of
various AEDs and the methods of determining their plasma/serum levels from saliva
samples. Additionally, this study aims to highlight the significant correlations between
AED blood, urine and oral fluid levels and the applicability of saliva TDM for AEDs. The
selected studies focus on AED and TDM from plasma/serum and saliva samples from
epileptic patients, from healthy subjects and from in vitro artificially enhanced biofluids.
The study also focuses on emphasizing the applicability, the ease and the importance of
saliva sampling for epileptic patients.

2. Materials and Methods

A thorough electronic literature search was conducted in MEDLINE through PubMed,
Web of Science, the Cochrane Library and Google Scholar. The terms used in this pro-
cess were: anti-epileptic drugs OR anti-epileptics OR acetazolamide OR benzodiazepines
OR adinazolam OR alprazolam OR bromazepam OR climazolam OR clobazam OR clon-
azepam OR clorazepate OR diazepam OR estazolam OR flumazenil OR flunitrazepam
OR flurazepam OR halazepam OR loprazolam OR lorazepam OR lormetazepam OR mi-
dazolam OR nimetazepam OR nitrazepam OR oxazepam OR prazepam OR temazepam
OR triazolam OR brivaracetam OR carbamazepine OR eslicarbazepine acetate OR etho-
suximide OR felbamate OR gabapentin OR lacosamide OR lamotrigine OR levetiracetam
OR oxcarbazepine OR perampanel OR phenobarbital OR phenytoin OR pregabalin OR
primidone OR rufinamide OR topiramate OR valproic acid AND saliva OR oral fluid OR
salivary biomarker.

The inclusion criteria were as follows: any study that described the determination of
any of the aforementioned AEDs through sampled or enhanced oral fluid. Commentaries,
opinion articles, editorials and conference abstracts were excluded.

After removing duplicates, the titles and abstracts of the articles were read and then, if
the studies fit the criteria, the full text was examined and a decision was made regarding
study inclusion in this review.
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3. Anti-Epileptic Drugs

Anti-epileptic drugs (AEDs) are structurally and functionally diverse drugs prescribed
in a number of conditions such as epilepsy, neuropathic pain, mania, anxiety or spasticity.
AEDs have clinically relevant differences, leaving the choice of the prescribed drug to be
purely empirical [14].

TDM has the optimization of a patient’s clinical outcome as an objective, identifying
the initial response to a medication and the need for any adjustments [15,16]. TDM sup-
ports the management of patients’ medication regimens with the aid of measured drug
concentrations [15].

Predicting an optimum dose of an AED for a particular patient is an impossible task.
Although there are well-defined reference ranges established for most AEDs, the individual
differences and the severity of epilepsy make it impossible to accurately pinpoint an optimal
dosage [15,16]. In some patients, dosages below the target range can manage seizures well,
whilst other patients can require and tolerate drug concentrations in excess of the range [17].
Moreover, seizures occur at irregular intervals, with the clinical symptoms of epilepsy and
the signs of toxicity not always being detectable. Since anticonvulsivant therapy is long
term, determining if and what AEDs are causing more harm than good is essential. All
these aspects, plus the fact that there are no direct laboratory markers for clinical efficacy
or for drug toxicity, make it difficult to ascertain if a prescribed dose will be sufficient to
control seizures in the long term. Since the correlation between AED serum concentrations
and the clinical effects is superior to the correlation between dose and effect, measuring
drug concentrations is often the most effective way to guide treatment [15,16].

For most AEDs, saliva reflects the free (pharmacologically active) serum concentra-
tions [15]. Only the fraction of the drug that is unbound from serum proteins is available
to diffuse from the vascular system and accumulate in tissues, and to be available for
interaction with therapeutic targets. Therefore, the extent of serum binding can have
significant effects on the pharmacodynamic properties of a compound, as well. It is, how-
ever, important to wait for the drug to reach an equilibrium between the saliva and the
blood levels. This equilibrium varies from one person to another and from one drug to
another [15,16]. Aman et al. suggest performing regular salivary TDM correlated with
neurological assessments, in order to avoid toxic drug concentrations [18].

There are, however, factors that influence the interpretation of the saliva sample, such
as the patient’s use of concomitant drugs, how the sample was collected, stored and/or
analyzed, and the timing of the sample collection in relation to the last orally administered
dose [1,16].

Anti-epileptic medication should ideally be introduced slowly, with doses gradually
increasing depending on symptoms. The AED should be titrated upwards to the maximum
tolerated dose only if seizures still continue to occur. Any type of change in therapy should
be made one at a time, gradually, in order to avoid toxicity. Saliva TDM can help with
any dose increase in order to predict/avoid toxicity, as side effects are often insidious
and might go unrecognized. If the patient has no benefit from a maximum tolerated dose
of a drug, the treatment should be switched to an alternative first-line drug [19]. When
switching medications (even though the drugs are considered bio-equivalent to the branded
product), there may be differences in the drug’s bioavailability and, therefore, in the clinical
status of the patient, causing potential breakthrough seizures. The determination of AED
concentrations is a good practice before and after switching a patient’s medication, in order
to ascertain both drugs’ bioavailability [17].

In clinical practice, about 30% of patients are pharmacoresistant, which can cause high
rates of disability, morbidity or mortality [20,21]. During epileptic seizures, using saliva
monitoring, drug oscillations can be assessed and concentrations can be correlated with
therapeutic profiles, thus avoiding toxicity [20].

In children, dose requirements are less predictable than for adults, being constantly
subjected to change—in these cases, TDM is a must for patient management. Since plasma
sampling may present difficulties in children, saliva TDM can be particularly helpful. In
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pregnant women, due to all the metabolic changes, the pharmacokinetics of many AEDs are
altered, causing plasma concentrations to more or less significantly decline. Saliva samples
reflect the non-protein-bound quantity of AED in plasma, therefore making frequent
TDM in pregnant women easier. In the elderly, the plasma concentration is affected by
greater pharmacodynamic sensitivity, thus complicating the interpretation of TDM results.
Moreover, drug polytherapy is significantly increased in the elderly compared to other age
groups, and drug interactions are more likely to occur. Therefore, saliva monitoring fulfills
the need for a rapid method for TDM [17].

When it comes to patients with co-morbidities and co-pathologies, possible drug–drug
interactions can result in either an increase or a decrease in plasma AED concentrations.
Moreover, the absorption, distribution, elimination and protein binding of AEDs can be
seriously affected, resulting in either signs of toxicity or with patient experiencing break-
through seizures. Therefore, the rapid and correct measurement of AED concentrations
is essential [22]. In patients with hepatic disease, the elimination of AEDs can be signifi-
cantly altered, and therefore the prediction of the extent of change in AED clearance can be
impossible. Consequently, in these situations, TDM is essential and considered the best
practice [17].

4. Salivary Levels of Individual AEDs

4.1. Acetazolamide

Acetazolamide has a pKa of 7.2, with approximately half of its molecules being charged
in blood and oral fluid at a physiological pH. It has a plasma protein binding of 95%, which
predicts a poor penetration into oral fluid [16].

Acetazolamide is a drug with no clinically important drug–drug interactions, with a
predictable dose-concentration relationship that does not recommend routine TDM [16].

However, two studies by Wallace et al. and Hartley et al. reported saliva as an
appropriate source for acetazolamide TDM. The studies were, however, performed on
healthy volunteers and the samples were collected within the first hour of administration,
which might influence the oral fluid concentrations. A correlation coefficient of r2 = 0.99 and
recoveries of more than 87.7% up until 100% were reported [23,24].

4.2. Benzodiazepines

Benzodiazepines act as neural inhibitors, resulting in a slowing of neurotransmission.
Commonly used to prevent seizures and to treat anxiety and sleep disorders, their main
effects include sedation, hypnosis, tranquilization, decreased anxiety, centrally mediated
muscle relaxation and anti-convulsant activity. Among the common side effects, the
significant impairment of mental alertness and cognitive performance, as well as amnestic
effects, are probably the most notable [25–27].

Some of the most well-known and frequently prescribed benzodiazepines are adinazo-
lam, alprazolam, bromazepam, climazolam, clobazam, clonazepam, clorazepate, diazepam,
estazolam, flumazenil, flunitrazepam, flurazepam, halazepam, loprazolam, lorazepam,
lormetazepam, midazolam, nimetazepam, nitrazepam, oxazepam, prazepam, temazepam
and triazolam [25,26].

Benzodiazepines bind to plasma proteins, having low pKa values. For that reason, they
are generally found in low concentrations in saliva samples, showing a shorter detection
time than in blood [28]. Benzodiazepines are known to bind the protein albumin, but mainly
on α-glycoprotein. Therefore, due to their consequent low concentration in biofluids, high
sensitivity is required for the determination of benzodiazepines in biological samples [27].

Clobazam is prescribed for the treatment of various epilepsies (in generalized seizures,
for the adjunctive intermittent treatment of partial seizures and for the management of
the non-convulsive status epilepticus) and febrile and alcohol withdrawal seizures [17].
Clobazam and its pharmacologically active metabolite, N-desmethyl clobazam, have a
plasma protein binding of 85–90%. The metabolite is present in blood at much higher
concentrations than the parent drug [16,17]. One study by Bakke et al. used cut-off limits
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primarily selected based on the sensitivities of the used analytical methods [29]. There
have been reports of clobazam’s excessive accumulation correlated with toxicity in patients.
Nevertheless, clobazam and N-desmethyl clobazam can be monitored in saliva samples—
moreover, the salivary concentrations are highly correlated with serum concentrations
(r2 = 0.93 and r2 = 0.90) [15–17,30,31].

Clonazepam is used for the treatment of various seizure types, in Lennox–Gastaut
syndrome and in the management of status epilepticus. It is as yet unknown whether
clonazepam is secreted into saliva [16]. The elimination of clonazepam is associated with
individual differences and variability in the dose-to-plasma concentration relationship [17].
Hart et al. analyzed saliva samples spiked with clonazepam—the samples that were
stored overnight at room temperature had drug concentrations 76% lower compared to
samples that were analyzed immediately. These findings suggest the fact that clonazepam
is unstable in saliva [32]. Moore et al. reported a correlation coefficient of r2 = 0.9991 for
clonazepam, after oral fluid was fortified with several benzodiazepines at the concentration
of 10 ng/mL [33]. Bakke et al. reported that clonazepam is part of the benzodiazepines
he found to be less detected in oral fluid compared to blood [29]. Desharnais et al., in a
recent study published in 2020, used a Quantisal® device to collect saliva samples and,
using incubation with a precipitation solvent, determined 7-aminoclonazepam in oral fluid
samples, but without quantifying its concentration. The authors stated a recovery < 80% for
55 out of the 97 analyzed compounds [34]. Using HPLC, Uddin et al. reported a correlation
coefficient of r2 = 0.999 for clonazepam in saliva samples [27]. Using an LC-MS/MS method,
Concheiro et al. also reported a correlation coefficient of above 0.99 for several tested drugs
(including benzodiazepines and, consequently, clonazepam) [35]. Øiestad et al., using the
same method, reported a correlation coefficient of r2 = 0.993 for clonazepam [36]. Using
long-column fast gas chromatography/electron impact mass spectrometry (GC/EI-MS),
Gunnar et al. quantitated 30 different drugs of abuse from 250 μL of oral fluid, thus
determining clonazepam with a 72.8% recovery and with a 0.992 correlation coefficient [37].

Diazepam, while being licensed as a skeletal muscle relaxant, an anxiolytic and a
sedative and analgesic, is targeted for the management of febrile convulsions and of status
epilepticus. Diazepam is metabolized in the liver to its pharmacologically active metabolite,
N-desmethyldiazepam (nordiazepam), with both further metabolized to temazepam and,
respectively, oxazepam. N-desmethyldiazepam accumulates in plasma to higher concen-
trations than diazepam, being responsible for most of the clinical effect. Many patients
tend to develop tolerance to the anti-seizure effects of diazepam. Therefore, there are differ-
ences between patients when it comes to the dose-to-plasma concentration relationship,
as well as the plasma concentration to clinical effect relationship. Both diazepam and
N-desmethyldiazepam distribute into saliva, the concentrations reflecting their non-protein
bound plasma concentration [17]. Hallstrom et al., in a study published in 1980, reported
a correlation coefficient of r2 = 0.89 between salivary and plasma diazepam and r2 = 0.81
between salivary and plasma nordiazepam [38]. Moore et al. reported a correlation co-
efficient of r2 = 0.9996 for diazepam in oral fluid samples [33]. Gunnar et al. reported a
correlation coefficient of r2 = 1.000 for diazepam, with a 63.3% recovery [37]. Bakke et al.
reported that diazepam was more often detected in blood samples than in oral fluid [29].
Vindenes et al. stated that benzodiazepines were most commonly detected in urine rather
than oral fluid, but, however, N-desmethyldiazepam was substantially more detected in
oral fluid samples, with a sensitivity of 95%. This study mentioned cut-off values for all of
the screened and confirmed 32 most commonly abused drugs [22]. Gjerde et al. reported
correlation coefficients of r2 = 0.61 for diazepam and r2 = 0.95 for nordiazepam, with low
oral fluid/blood ratios of 0.036 for diazepam, and, respectively, 0.027 for nordiazepam. This
study also mentioned cut-off concentrations for all the 17 tested drugs [39]. Christodoulides
et al., using a chip-based Programmable Bio-Nano-Chip platform and LC-MS/MS, detected
diazepam from oral fluid samples in approximately 10 min [40].

Midazolam is a short-acting benzodiazepine prescribed as a hypnotic, anesthetic or
for the treatment of status epilepticus or generalized seizures. Link et al. reported in their
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study a liquid chromatography/electrospray ionization tandem mass spectrometry method
that was successfully applied to midazolam and its metabolites (1-hydroxymidazolam and
4-hydroxymidazolam). In both oral fluid and plasma, the method showed a good sensitivity
in determining midazolam and its metabolites [41]. In another ulteriorly published study,
Link et al. noted that the concentrations of midazolam and its metabolites were much
lower in saliva than in plasma, although there was a significant linear correlation between
midazolam levels in both matrices. The authors also concluded that oral fluid sampling is
a good way of determining midazolam and its hydroxy-metabolites, although, because of
their low concentrations, sensitive methods are to be used [42]. Using a triple quadrupole
LC-MS-MS system, Moore et al. reported a mean recovery of 81.48% of midazolam from
oral fluid samples [32]. Using long-column fast gas chromatography/electron impact mass
spectrometry (GC/EI-MS), Gunnar et al. determined midazolam with a 73.1% recovery
and with an r2 = 0.997 correlation coefficient by using CG/EI-MS [37]. Donzelli et al.
simultaneously determined six probe drugs through phenotyping CYP isoforms (human
cytochrome P450 enzymes) [43]. These isoforms are involved in the metabolism of many
xenobiotics and are responsible for the oxidative metabolism of approximately 50–90% of
commonly used drugs [43,44]. The authors have concluded that for midazolam, when a
higher dose of 7.5 mg is administered, saliva has a usefulness for non-invasive phenotyping
of CYP3A4. Moreover, due to its short plasma half-life, midazolam cannot be reliably
determined at timepoints later than 4 h [43].

Benzodiazepines are detectable in oral fluid, but, for the most part, at lower concen-
trations in urine [45,46]. Moore et al. used the Quantisal® collection device, quantified
using solid-phase extraction for analyzing benzodiazepines in oral fluid, and detected them
with the use of liquid chromatography with tandem mass spectrometric detection. The
authors simultaneously quantified a total of 14 benzodiazepines, with a percentage recov-
ery from 81.4% (the lowest) to 90.17% (the highest), reporting intraday precision assays
of 2.8–7.29% [32]. Desharnais et al. also used the Quantisal® collection device. Samples
were prepared with an organic precipitation solvent in order to boost drug recovery and
the stability of benzodiazepines, and then analyzed with LC-MS/MS [34]. Valen et al. used
Intercept® oral fluid sampling kits, but admitted that better recoveries and fewer matrix
effects were observed for some substances when Quantisal® kits were used. The authors
reported extraction recoveries between 58% and 76% for most tested drugs and recoveries
between 23% and 33% for three 7-amino benzodiazepines metabolites [47]. Uddin et al.
developed an HPLC method with diode array detection (DAD), in order to determine six
benzodiazepines and two metabolites in plasma, urine and saliva samples. The mean recov-
eries reported for plasma, urine and saliva were 96.0–108.2%, 94.3–107.1% and 97.0–107.0%
in within-day assays [27]. Bakke et al. reported, using ultra high-performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS-MS) on blood and oral fluid
samples, that oxazepam was detected more frequently in oral fluid compared to blood
(100% versus 34%). Alprazolam and nitrazepam were detected more frequently in blood
compared to oral fluid (100% compared to 69.1% and, respectively, 93.5% compared to
51.6%) [28]. Pil and Verstraete reported that during the “Rosita 2” study, where 10 devices
for roadside drug testing for oral fluid were evaluated and over 2000 tests were performed
on over 2000 people, sensitivity for benzodiazepines varied between 33% and 69%. For
benzodiazepines, in oral fluid samples, the mean sensitivity, specificity and accuracy were
reportedly 74.4%, 84.2% and 79.2%, while for whole blood samples these mean percentages
were 66.7%, 87.0% and, respectively, 74.4% [48]. Inscore et al., in their published study,
developed a new patented method that allowed the detection of five different drugs at
1 ppm in oral fluid in less than 10 min. The method used surface-enhanced Raman spec-
troscopy (SERS), using gold- and silver-doped sol-gels immobilized in the glass capillaries.
The electronegative gold and the electropositive silver’s purpose was to attract differently
charged chemical groups [49].
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4.3. Brivaracetam

Brivaracetam is a novel member of the racetam family of anticonvulsants, prescribed
as an adjunctive therapy in partial-onset seizures of epileptic patients [17,50]. It has a
wide interindividual variability in the rate of elimination, having a weak plasma protein
binding of 35% [17,51]. Brivaracetam plasma concentrations decrease when carbamazepine,
phenobarbital, rifampin or phenytoin are administered. Therefore, monitoring plasma
concentrations is indicated for evaluating a possible toxicity and for ascertaining possible
clinical interactions [17]. Brivaracetam is a small, non-ionizable molecule, with a diffusing
capacity from plasma to saliva. It distributes into saliva, the concentrations reflecting the
non-protein bound concentration in plasma [17,50].

Rolan et al. reported that oral fluid is a suitable analytic matrix for brivaracetam, with
the saliva concentrations being highly correlated to plasma concentrations (r2 = 0.97), with
a slope (standard error) similar to the protein-unbound fraction of brivaracetam [50].

4.4. Carbamazepine

Carbamazepine is a first-line drug in the treatment of partial and primary or sec-
ondarily generalized seizures. It is also prescribed for treating trigeminal neuralgia and
bipolar disorder. Its pharmacologically active metabolite is carbamazepine-epoxide, which
accumulates in plasma [17].

Carbamazepine metabolism can be affected by numerous AEDs to increase its blood
concentration (clobazam, stiripentol) or decrease it (felbamate, oxcarbazepine, phenobar-
bital, phenytoin, primidone, rufinamide) [17,52]. Simultaneously taking carbamazepine
and lamotrigine may increase the prospect of neurotoxic side effects [53]. Carbamazepine
metabolism can also be affected by many non-epilepsy drugs to increase its blood concen-
tration (such as clarithromycin, ciprofloxacin, erythromycin, fluconazole, metronidazole,
miconazole, etc.) or decrease it (such as rifampicin, risperidone, etc.). Other drugs can in-
crease carbamazepine–epoxide concentrations and may cause toxicity, such as brivaracetam,
valproic acid, zonisamide, etc. [17,52].

Although it is stated that saliva stimulation before probing can affect the drug’s pH
and, therefore, its determined concentration, for carbamazepine it seems that salivary
stimulation, the pH of saliva or the volume of fluid produced have no influence on its
determined concentration. Stimulating salivation, besides enabling sampling in dehydrated
or comatose patients, does not alter carbamazepine concentrations in saliva [36,37,54–57].
Carbamazepine and carbamazepine–epoxide are 70–75% and, respectively, 50–60% bound
to plasma proteins [16,17,51,58]. Therefore, the salivary concentration of both substances
is similar to the free concentration of the pharmacologically active, non-protein bound
concentration in plasma [15,17]. Usually, carbamazepine-10,11-epoxide is at a steady state
of 15–20% of the total carbamazepine concentration for most patients [59]. Considering
patient inter-individuality and many drug-to-drug interactions, the TDM of carbamazepine
and its metabolite is essential in order to ensure an optimal therapeutic response and to
avoid toxicity [17]. Its narrow effective range requires constant monitoring, with repeated
blood draws from patients. Therefore, saliva TDM is proposed to non-invasively assess
and monitor carbamazepine concentrations [60]. Vasudev et al. reported that the measure-
ment of the unbound concentration of carbamazepine from saliva should induce a better
correlation with seizure control [58].

Patrick et al., in their review article, concurred that carbamazepine and carbamazepine–
epoxide concentrations in saliva correlate with concentrations in total serum (r2 = 0.84–0.99
and, respectively, r2 = 0.76–0.88) [16]. Dordević et al. used HPLC with UV detection in
order to determine carbamazepine from both serum and saliva samples. The authors noted
a strong correlation between the two matrices (r2 = 0.9481) [53]. Vasudev et al. studied
saliva and blood samples that were centrifuged and analyzed using HPLC. The authors
expressed a good linear relationship between the samples from the two matrices, with a
correlation coefficient of r2 = 0.659 [58]. Al Za’abi et al. simultaneously quantified carba-
mazepine in saliva and serum samples using a fluorescence polarization immunoassay
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with a TDx analyzer. The authors reported a good linear relationship (r2 = 0.99) between
the saliva and serum samples, with a 1.02 ± 0.11 mean ratio of carbamazepine salivary
to serum-free concentration [61]. Djordjević et al., also using HPLC-UV, analyzed carba-
mazepine saliva and serum levels in healthy and in acutely poisoned patients. The authors
reported lower carbamazepine concentrations in saliva with regard to serum levels when
samples from the two matrices were collected at the same time. In patients with acute
poisonings, consequent to different ingested doses of carbamazepine, the authors noted
high inter-individual variations, with a strong correlation between saliva and serum levels
(r2 = 0.9117). In poisonings, due to a saturation of finding proteins and an increase in free
serum carbamazepine levels, they also reported an average higher ratio of saliva and serum
(0.43) than in the long-term use of therapeutic doses (0.39) [55]. Carona et al., using a novel
HPLC technique with DAD, reported a plasma and saliva correlation of r2 = 0.8299 for
carbamazepine and of r2 = 0.9291 for carbamazepine-10,11-epoxide [20]. Dziurkowska
and Wesolowski, using UHPLC with a DAD, successfully detected carbamazepine and
carbamazepine-10,11-epoxide from saliva samples. The method used was reported to have
good linearity, reflected by r2 > 0.99 for all the analyzed substances [62]. Carvalho et al. also
reported using LC coupled to a diode detector in order to determine carbamazepine and
other AEDs from oral fluid, although they determined the drugs from dried saliva spots.
A mean recovery for carbamazepine was reported between 40.8 and 45.5%. The authors
adapted cards that are commonly applied in dried blood spots sampling to oral fluid sam-
pling and reported a linearity between 0.1 and 10 μg/mL for all AEDs [59]. Dwivedi et al.
noted the statistically significant association of carbamazepine levels in serum and saliva,
also reporting a positive correlation between the carbamazepine daily dose and the plasma
levels [63]. Dziurkowska and Wesolowski tested deproteinization with 1% formic acid
solution in acetonitrile, in order to determine carbamazepine and its metabolite from oral
fluid. The authors reported a good linearity in the concentration range of 10–5000 ng/mL
(r2 > 0.999) and an extraction recovery of over 95% [64]. Chen et al. proposed using SERS as
a faster method, which was non-contact, label-free and economic, and does not require pro-
fessionals in order to determine on-site carbamazepine in oral fluid. The method was based
on Au-Ag core–shell nanomaterial substrates that greatly improved the signal of the target
molecule and, consequently, increased the detection sensitivity [60]. Capule et al. studied
the connection between carbamazepine treatment and Stevens-Johnson syndrome/toxic
epidermal necrolysis (SJS/TEN). The authors extracted and analyzed genomic DNA from
saliva samples, using a UV–visible spectrophotometer and then genotyping HLA-A alleles
by polymerase chain reaction. Despite their small sample size, a significant correlation
between HLA-B75 and HLA-B*15:02 alleles and carbamazepine-induced SJS/TEN was
reported [65]. Therefore, based on all the aforementioned studies, saliva is a good matrix
for carbamazepine TDM.

4.5. Eslicarbazepine Acetate

Eslicarbazepine acetate is a licensed AED used in the adjunctive treatment of partial
onset seizures. Its non-licensed uses include the treatment of bipolar disorder, cranial or
trigeminal neuralgia, headache and neuropathic pain [17].

Carbamazepine, phenytoin and topiramate enhance eslicarbazepine acetate’s elimina-
tion and, therefore, decrease its plasma concentrations [17,52]. Eslicarbazepine has linear
pharmacokinetics, with protein binding of 30% [16]. Its pharmacologically active metabolite
is eslicarbazepine, similar to oxcarbazepine’s active metabolite, 10-hydroxycarbazepine,
which is secreted into saliva, having a good correlation with plasma levels [15,17]. There
were no studies found that quantify eslicarbazepine acetate from saliva samples. Patrick
et al. stated in their 2013 review paper that, since eslicarbazepine is the same molecule as
10-hydroxycarbazepine, it can be expected that its saliva transfer will be similar [16].
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4.6. Ethosuximide

Ethosuximide is an AED that is prescribed in the monotherapy of absence seizures [17].
It is not protein-bound, and therefore it is distributed into saliva at similar concentrations
in plasma, with correlations between the ethosuximide levels of the two matrices (r2 = 0.99).
Therefore, for this drug, saliva TDM can be performed [16,17].

4.7. Felbamate

Felbamate is an AED that is prescribed to patients with Lennox–Gastaut syndrome
and to those who do not respond well to alternative treatments. Due to the formation of a
reactive atropaldehyde metabolite which can cause toxicity in some individuals, felbamate
has been correlated with an increased risk of aplastic anemia and hepatotoxicity, which lead
to the restriction of its use [16,17]. Carbamazepine and phenytoin enhance felbamate’s elim-
ination, decreasing its plasma concentrations. Valproic acid inhibits felbamate’s metabolism
and gabapentin inhibits felbamate’s renal elimination, thus both increasing felbamate’s
plasma concentration. Felbamate is 48% bound to plasma proteins [17]. To date, saliva
TDM for felbamate is still unstudied [16,17].

4.8. Gabapentin

Gabapentin is prescribed in the monotherapy treatment of partial seizures and pe-
ripheral neuropathic pain, and as an adjunctive treatment in the epilepsy of adults and
children over 6 years of age [16,17]. Gabapentin is not protein bound and not metabolized,
its clearance being entirely performed by renal excretion [16,17,66]. Gabapentin is reported
to not interact pharmacokinetically with other AED, nor to alter their serum levels [66].
Since gabapentin is not protein bound, salivary levels are assumed to be similar to those in
serum [16,66]. Studies have shown that gabapentin is secreted into saliva at lower concen-
trations than it is found in plasma, but nonetheless with a significant correlation between
its levels in the two matrices [16,17,66]. Pujadas et al. successfully determined gabapentin
levels in oral fluid using GC-MS and a solid-phase extraction procedure. However, the
reported recovery values were 8.2%, 8.8% and 19.7% [54]. Berry et al., using reversed phase
HPLC, reported that 5–10% of serum gabapentin concentrations were found in saliva sam-
ples, possibly relating that fact to its hydrophilic character. The authors noted that, while
there is a linear relationship between gabapentin salivary levels and dosage increments,
the saliva TDM of gabapentin is more a means to confirm that the patient has taken the
drug rather than for quantifying it for therapeutic monitoring [66].

4.9. Lacosamide

Lacosamide is prescribed in the mono- and adjunctive therapy of partial onset seizures
in epilepsy [16,17]. Enzyme-inducing AEDs such as carbamazepine, phenytoin and pheno-
barbital can decrease plasma lacosamide concentrations by enhancing its elimination [17].

Lacosamide’s binding to plasma protein is 14%, with its saliva concentrations reflecting
the non-protein bound plasma concentrations [17]. While Carona et al. used the HPLC
method to determine AEDs in saliva, they reported a mean recovery of lacosamide of
86.6% ± 7.33 of saliva samples [20]. Greenaway et al. reported, in their study, a correlation
coefficient of lacosamide levels between serum free concentrations and saliva concentrations
of r2 = 0.828, while Brandt et al. reported a coefficient interval of r2 = 0.842 [67,68]. Cawello
et al. reported a ≤10% difference for saliva and total plasma lacosamide concentration
ratio [69]. Patrick et al., in their review article, reported a mean saliva/serum lacosamide
concentration coefficient interval of r2 = 0.84–0.98, all these findings proving that saliva is a
suitable source for investigating lacosamide pharmacokinetics [16].

4.10. Lamotrigine

Lamotrigine is prescribed for the monotherapy treatment of partial and generalized
tonic–clonic seizures and also as an adjunctive treatment in seizures and Lennox–Gastaut
syndrome. It has other uses in bipolar depression, migraines, neuropathic pain, peripheral
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neuropathy, psychosis, schizophrenia and trigeminal neuralgia [16,17]. Some of the AEDs
that inhibit lamotrigine metabolism and increase its concentrations are felbamate and
valproic acid, while carbamazepine, eslicarbazepine acetate, methsuximide, oxcarbazepine,
phenobarbital, phenytoin, primidone, retigabine and rufinamide decrease lamotrigine
concentrations by inducing its metabolism. Other non-AED pharmacokinetic interactions of
lamotrigine include aripiprazole, isoniazid and sertraline, which increase its concentrations,
and, respectively, acetaminophen, atazanavir, ethambutol, olanzapine, oral contraceptives,
rifampicin and ritonavir, that decrease its blood concentrations [17,52]. Pregnancy can also
reduce lamotrigine concentrations [70].

The fact that there are numerous drug–drug pharmacokinetic interactions and, also,
that there are large inter-individual differences in dose-to-plasma concentrations, make lam-
otrigine TDM valuable and necessary [17]. Lamotrigine is 55–66% bound to plasma proteins,
with its saliva concentrations reflecting the non-protein bound plasma levels [16,17,51].

Patrick et al. noted that earlier studies reported a high correlation between saliva
and serum concentrations of lamotrigine (r2 = 0.95) [16]. Tsiropoulos et al. studied the
correlation between lamotrigine concentrations in serum and saliva, while also examining
the relationship between the saliva levels and the non-protein bound lamotrigine concen-
trations in serum. Both stimulated and unstimulated saliva from the same patients were
tested, demonstrating a good correlation between lamotrigine serum concentration in both
cases (unstimulated and stimulated: r2 = 0.85 and r2 = 0.94, respectively). Saliva lamotrigine
concentrations were reported to be in good correlation with the free, non-bound levels [71].
Malone et al. also studied lamotrigine concentrations in both stimulated and unstimu-
lated saliva samples, comparing them to serum samples. The authors reported a mean
saliva/serum lamotrigine concentration ratio of 0.49 at a serum lamotrigine concentration
of 10 mg/L, with a correlation coefficient of r2 = 0.9841. The authors concluded that, with
appropriate timing in sampling, saliva could provide a good alternative for lamotrigine
TDM [72]. Incecayir et al. also reported a good lamotrigine saliva/serum correlation of
r2 = 0.677, while Mallayasamy et al. and Kuczynska et al. reported values of r2 = 0.683 and,
respectively, r2 = 0.82 [70,73,74]. Ryan et al. reported good lamotrigine salivary and serum
concentrations (r2 = 0.81–0.84) in both patients under 16 years of age and also adults [75].
Conclusively, saliva TDM is a viable option in monitoring lamotrigine levels.

4.11. Levetiracetam

Levetiracetam is prescribed in the monotherapy treatment of partial seizures, as well
as for adjunctive therapy and in primary generalized tonic–clonic seizures associated
with idiopathic generalized epilepsy and myoclonic seizures. Carbamazepine, lamotrig-
ine, methsuximide, oxcarbazepine, phenobarbital and phenytoin can lower levetiracetam
plasma concentrations by enhancing its metabolism [16,17].

Levetiracetam has an oral bioavailability of 100%, is 3–10% protein bound and is secreted
into saliva, the concentrations being highly correlated with those in plasma [16,17,76,77].

Lins et al., in their study, have reported that when performing oral fluid TDM for
levetiracetam, the last oral dose is important because administration within two hours of
saliva sampling leads to high drug concentrations. The authors recommend saliva TDM
for levetiracetam to be performed at least four hours after oral intake [16,78]. Moreover,
Grim et al. noted that stimulated saliva samples can result in lower concentration values
(r2 = 0.87 stimulated saliva, whereas r2 = 0.91 in unstimulated samples) [76]. Several
studies noted a saliva/serum ratio of almost 1/1, matching levetiracetam saliva and serum
concentrations (r2 = 0.8428–0.93) [20,77,79]. Grim et al. reported contrasting results: 40%
lower levetiracetam concentrations in oral fluid than in serum [76]. The discrepancy is
believed to be due to the different sampling and assay procedures [77].

4.12. Oxcarbazepine

Oxcarbazepine is licensed for monotherapy and for the adjunctive treatment of partial
seizures, as well as in the treatment of bipolar disorder and trigeminal neuralgia [17]. Its
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metabolite is mono-hydroxycarbazepine (MHD or 10-hydroxycarbazepine or 10-hydroxy-
10,11-dihydrocarbazepine), which has a plasma protein binding of 40%, a concentration that
predicts good penetration into the oral fluid [16,17]. The AEDs that enhance its metabolism,
leading to a 15–35% reduction in MHD plasma levels, are carbamazepine, lacosamide,
phenobarbital and phenytoin. However, the AEDs that decrease its plasma concentrations
by 11% and 20% are viloxazine and, respectively, verapamil [17].

Oxcarbazepine is pharmacologically active but is often at a very low, undetectable
concentrations. Therefore, the levels of its metabolite, MHD, are routinely monitored [17].

Unstimulated oral fluid/serum MHD levels’ correlation values range from r2 = 0.91 to
0.96 [16,80,81]. Stimulated saliva flow can cause a decrease in saliva MHD levels, so that
saliva MHD approaches the range of unbound MHD concentrations in serum or plasma.
However, increasing the oral fluid flow disrupts the normal correlation between saliva
and serum MHD concentrations [81]. Therefore, there is a wide variation between the
correlation values when stimulated saliva is collected, with values of 0.21–0.68 [16,82–84].
The time of the fluid collection is another aspect of interest. Miles et al. concluded that
unstimulated saliva/plasma ratios correlated well in the 8–72 h window after oral oxcar-
bazepine administration, but not earlier than 8 h. Therefore, the authors report that saliva
is a suitable matrix for MHD TDM and recommend that oral fluid collection should be
avoided within 8 h of the last orally administered dose [81].

4.13. Perampanel

Perampanel is prescribed in the adjunctive treatment of partial-onset seizures and of
primary generalized tonic–clonic seizures in patients with idiopathic generalized epilepsy [17].
Perampanel has potentially significant drug–drug interactions; carbamazepine, oxcar-
bazepine, phenytoin and topiramate can decrease perampanel plasma concentrations by
enhancing its metabolism, whilst ketoconazole can increase perampanel plasma concen-
trations by inhibiting its metabolism [16,17]. Although perampanel TDM is not routinely
recommended, when patients are taking concomitant medications monitoring is suggested,
due to the various possible drug interactions [16].

Perampanel is 98% bound to plasma proteins. To date, there are no studies that
recommend saliva as a matrix for perampanel TDM [16,17].

4.14. Phenobarbital

Phenobarbital is prescribed in the treatment of all forms of epilepsy, except absence
seizures. Other indications include acute convulsive episodes and status epilepticus,
Lennox–Gastaut syndrome, myoclonic seizures, neonatal seizures and in the prophylaxis
of febrile seizures [17]. Phenobarbital’s metabolism is inhibited and plasma concentrations
are increased by acetazolamide, felbamate, methsuximide, oxcarbazepine, phenytoin, reti-
gabine, rufinamide, stiripentol, sulthiame, chloramphenicol, propoxyphene and valproic
acid. On the other hand, phenobarbital’s metabolism is enhanced and plasma concentra-
tions are lowered by dicoumarol, thioridazone and troleandomycin [16,17]. The significant
amount of possible drug–drug interactions and variable dose-concentration relationships
recommend phenobarbital TDM [16].

Phenobarbital is 48–55% bound to plasma proteins and it distributes into saliva [16,17].
Since approximately 50% of phenobarbital is charged in blood and oral fluid at physiological
pH, its penetration in oral fluid is unreliable [16]. Conclusively, in the literature, oral
fluid/blood ratios for phenobarbital have been reported to range from r2 = 0.20 to r2 = 0.52
for total phenobarbital, and from r2 = 0.63 to r2 = 0.68 for free phenobarbital. Oral fluid
phenobarbital concentrations correlate with blood phenobarbital concentrations at values
of r2 = 0.64–0.98 for total phenobarbital and r2 = 0.64–0.99 for free phenobarbital [15,16,63].
Carvalho et al., adapting cards that are commonly applied in dried blood spots to oral fluid
samples and using LC coupled to a DAD, determined phenobarbital at r2 = 0.998 ± 0.001,
with a mean recovery of 50.6 ± 6.5 from dried saliva spots [59]. Therefore, saliva sampling
is concluded to be a suitable matrix for phenobarbital TDM.
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4.15. Phenytoin

Phenytoin is prescribed in the treatment of tonic–clonic seizures and focal seizures,
as well as trigeminal neuralgia and seizures that occur during or following severe head
injury and/or neurosurgery [17]. Phenytoin is subjected to more drug–drug interactions
than any other AED, with a long list of AEDs that can increase its blood concentrations (ac-
etazolamide, clobazam, eslicarbazepine acetate, felbamate, methsuximide, oxcarbazepine,
rufinamide, stiripentol, sulthiame and topiramate). Carbamazepine, phenobarbital and
valproic acid can either increase or decrease its blood concentrations. Non-epilepsy drugs
that can affect phenytoin metabolism are numerous, as well [16,17,52]. Phenytoin is 92%
bound to plasma protein, exhibiting non-linear plasma pharmacokinetics that occur at dif-
ferent doses for different patients. Given all these facts, and phenytoin’s narrow therapeutic
window, TDM is strongly recommended [16,17].

Phenytoin’s distribution into saliva reflects the non-protein bound levels in plasma,
with correlation coefficients of r2 = 0.92–0.99 for oral fluid/total phenytoin and r2 = 0.98–0.99
for oral fluid/free phenytoin [15–17]. Therefore, mean saliva to blood concentration ratios
of total phenytoin vary from 0.09 to 0.13, whilst for free phenytoin the ratios vary from
0.99 to 1.06 [15,16]. Patrick et al., in their review study, noted that there are three main con-
siderations when sampling saliva for phenytoin TDM: the saliva flow rate, the timing of the
sampling and concomitant drug use. Apart from the aforementioned possible drug–drug
interactions, the authors concluded that unstimulated saliva samples should be collected
due to the fact that higher phenytoin concentrations have been found in unstimulated sam-
ples. Moreover, the sampling should be performed more than 4 h after the last phenytoin
dose was administered in order to avoid any drug residue in the oral fluid that could alter
the concentrations [16]. Several other studies confirmed literature values—the correlation
of free plasma phenytoin levels (approximately 10% of total plasmatic values) and saliva
phenytoin levels was r2 = 0.82–0.998 [59,61].

4.16. Pregabalin

Pregabalin is prescribed in the treatment of partial seizures, in anxiety disorders,
panic disorder and for peripheral and central neuropathic pain. Pregabalin is not bound
to plasma proteins and it is not metabolized. Gabapentin and phenytoin can decrease
pregabalin plasma concentrations. To date, it is not known if pregabalin is secreted into
saliva [15,17].

4.17. Primidone

Primidone is prescribed to treat generalized tonic–clonic, Jacksonian, psychomotor
and focal seizures, as well as myoclonic jerks, essential tremor and akinetic attacks [17].
Primidone is 33% bound to plasma proteins [19,51]. Acetazolamide, carbamazepine and
phenytoin can decrease plasma primidone concentrations, whilst clobazam, ethosuximide
and stiripentol can increase those concentrations [17,52]. Primidone produces two phar-
macologically active metabolites, phenobarbital and phenyl-ethyl-malondiamide, that are
responsible for most of the drugs’ actions [17]. Therefore, saliva TDM for both primidone
and phenobarbital is recommended, especially since blood primidone concentrations are
correlated with saliva concentrations: r2 = 0.71–0.98 [15–17].

4.18. Rufinamide

Rufinamide is prescribed to treat seizures associated with Lennox–Gastaut syndrome,
but also to treat partial seizures, epileptic spasms, myoclonic-astatic epilepsy and status
epilepticus [17]. Carbamazepine, methsuximide, oxcarbazepine, phenobarbital, phenytoin,
primidone and vigabatrin can induce and inhibit rufinamide’s metabolism, enhancing
its elimination. Valproic acid increases rufinamide’s plasma concentrations [17,52,85,86].
Rufinamide is 28% bound to plasma proteins, with the saliva levels reflecting the non-
protein bound plasma concentrations [15,17]. Franco et al. determined a correlation
coefficient between saliva and plasma of r2 = 0.78, while stating that the rufinamide
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concentrations in saliva were moderately lower than those in plasma, with a mean saliva
to plasma ratio of 0.7 ± 0.2 [85]. Mazzucchelli et al. reported a mean saliva to plasma
concentration ratio of 0.66, a value that confirms that salivary rufinamide concentrations
reflect the unbound drug concentrations in plasma [87]. Therefore, saliva is a suitable
matrix for rufinamide TDM.

4.19. Topiramate

Topiramate is prescribed in the treatment of generalized tonic–clonic seizures and
partial seizures, as well as for seizures associated with Lennox–Gastaut syndrome and
in migraines [17]. AEDs such as carbamazepine, eslicarbazepine acetate, methsuximide,
oxcarbazepine, phenobarbital, phenytoin, primidone and valproic acid lower topiramate
plasma concentrations, whilst non-AEDs such as diltiazem, hydrochlorothiazide, lithium,
metformin, propranolol, posaconazole and sumatriptan increase topiramate’s plasma
concentrations [17,52].

Topiramate is 20% bound to plasma proteins and it is secreted into oral fluid, with a predic-
tion for strong correlations between total plasma and saliva levels r2 = 0.92–0.98 [15,17,51,88].
As previously stated, consideration should be given to the time of the saliva sampling,
regarding the last administered dose. Miles et al. collected unstimulated oral fluid
samples > 3 h after the patients received their last topiramate dose [88]. Conclusively,
saliva TDM is a good option for monitoring topiramate levels, when the time of sampling
is being considered.

4.20. Valproic Acid (Valproate)

Valproic acid is prescribed in the treatment of any form of epilepsy in patients of
any age, as well as in several seizure disorders (such as febrile seizures, infantile spasms,
juvenile myoclonic epilepsy, Lennox–Gastaut syndrome, neonatal seizures, etc.) and non-
epilepsy conditions (such as bipolar depression, psychosis or schizophrenia) [17]. Valproate
plasma concentration is decreased by AEDs (such as carbamazepine, eslicarbazepine acetate,
ethosuximide, lamotrigine, methsuximide, phenobarbital, phenytoin, primidone, tiagabine
and topiramate) and by non-AEDs (such as amikacin, cisplatin, diflunisal, doripenem,
efavirenz, ertapenem, imipenem, meropenem, methotrexate, naproxen, oral contraceptives,
panipenam, rifampicin and ritonavir). On the other hand, valproate’s plasma concentration
is increased by AEDs such as clobazam, felbamate and stiripentol, and, respectively, by non-
AEDs such as bupropion, chlorpromazine, cimetidine, erythromycin, guanfacine, isoniazid,
lithium, sertraline and verapamil [17,52].

Valproic acid’s protein-bound plasma level is concentration dependent, with variations
from 74% to 93% [17,51]. Pastalos et al. suggested that saliva is not a useful matrix for
valproic acid TDM due to the fact that the distribution of valproate in saliva is reported to be
erratic [15,17]. Patrick et al. also predicted poor and inconsistent valproic acid penetration
into saliva [16]. Saliva stimulation does not enhance the recovery of valproate in saliva and
it does not improve the correlation between its salivary and serum-free concentrations [61].
Nevertheless, Dwivedi et al. reported a significant correlation (r2 = 0.36, p < 0.004), with
a mean ratio of saliva to serum-free concentration of 0.68 ± 1.29% [89]. Another study
by Tonic-Ribarska et al. studied the determination of valproic acid from unstimulated
saliva samples, reporting a mean recovery of 99.4% with a concentration coefficient for the
calibration function for valproate of r2 = 0.9989 [90]. Al Za’abi et al. also reported a good
linear relationship between the salivary and the serum-free valproic acid, with a correlation
coefficient of r2 = 0.70 (p < 0.04) [61]. More studies are required in order to make saliva an
appropriate matrix for valproic acid TDM.

The data collected in this narrative review are summarized in Table 1. For each
AED, the published studies found are noted (with regard to authors, journal and year
of publication). For each AED in particular, the biofluid which saliva AED levels were
compared to is noted in the “Biofluid 1” column. Additionally, the method of determination
of the AED levels from each biofluid and the correlations between the two measurements
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are noted. The AEDs included in this table are the AEDs that show promise in salivary
biomarker detection.

Table 1. Correlations in the determination of salivary levels of individual AEDs.

AED (and Their
Metabolites)

Authors Publication Year Biofluid 1 Biofluid 2
Determination

Method

Correlation/
Corresponding Results

* Between the
Biofluids

Acetazolamide

Wallace et al.
[23] J Pharm Sci 1977 Enhanced

Plasma
Enhanced

Saliva GLC 0.99

Hartley et al.
[24] J Chromatogr. 1986 Enhanced

Plasma
Enhanced

Saliva HPLC 0.985

Clobazam and
N-desmethyl clobazam

Gorodischer
et al. [30]

Ther Drug
Monit. 1997 Plasma Saliva GC

0.9 (clobazam),
0.93 (N-desmethyl

clobazam)

Bardy et al.
[31] Brain Dev. 1991 Serum Saliva

HPLC and
enzyme

multiplied
immunoassay

technique

0.9 (clobazam),
0.93 (N-desmethyl

clobazam)

Clonazepam and
7-acetamidoclonazepam

Moore et al.
[33] J Anal Toxicol 2007

Enhanced
Artificial

Saliva
- LC-MS/MS 0.9991

Bakke et al.
[29] J Anal Toxicol. 2019 Blood Saliva UHPLC-

MS/MS 71% *

Desharnais
et al. [34] Forensic Sci Int 2020 Enhanced

Saliva - LC-MS -

Uddin et al.
[27] J Sep Sci. 2008 Enhanced

Plasma
Enhanced

Saliva HPLC 0.999

Concheiro et al.
[35]

Anal Bioanal
Chem 2008 Enhanced

Saliva - LC-MS 0.99

Øiestad et al.
[36] Clin Chem 2007 Enhanced

Saliva - LC-MS 0.993

Gunnar et al.
[37]

J Mass Spectrom
JMS 2005 Enhanced

Saliva - GC-MS 0.992

Diazepam,
nordiazepam and o N-
desmethyldiazepam, 3-

OH-diazepam,
temazepam and

oxazepam

Hallstrom et al.
[38]

Br J Clin
Pharmacol 1980 Plasma Saliva GC 0.89 (diazepam),

0.81 (nordiazepam)

Moore et al.
[33] J Anal Toxicol. 2007

Enhanced
Artificial

Saliva
- LC-MS/MS 0.9996 (diazepam)

Gunnar et al.
[37]

J Mass Spectrom
JMS 2005 Enhanced

saliva - GC-MS

1.000 (diazepam,
0.999 (temazepam),
0.998 (nordiazepam

and oxazepam)

Bakke et al.
[29] J Anal Toxicol. 2019 Blood Saliva UHPLC-

MS/MS

96.2% * (diazepam),
100% * (N-

desmethyldiazepam),
88.9% * (oxazepam)

Vindenes et al.
[22] J Anal Toxicol. 2011 Urine Saliva LC-MS

89% * (N-
desmethyldiazepam),

75%
* (3-OH-diazepam),
68% * (oxazepam)

Gjerde et al.
[39] J Anal Toxicol. 2010 Blood Saliva HPLC-MS/MS 0.61 (diazepam),

0.95 (nordiazepam)
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Table 1. Cont.

AED (and Their
Metabolites)

Authors Publication Year Biofluid 1 Biofluid 2
Determination

Method

Correlation/
Corresponding Results

* Between the
Biofluids

Midazolam and
1-hydroxymidazolam

and
4-hydroxymidazolam

Link et al. [41] Rapid Commun
Mass Spectrom 2007 Enhanced

Plasma
Enhanced

Saliva LC-MS

0.9991 (midazolam),
0.9978

(1-hydroxymidazolam),
0.9986

(4-hydroxymidazolam)

Link et al. [42] Br J Clin
Pharmacol. 2008 Plasma Saliva LC-MS/MS 0.864 (midazolam)

Moore et al.
[33] J Anal Toxicol. 2007

Enhanced
Artificial

Saliva
- LC-MS/MS 0.996 (midazolam)

Gunnar et al.
[37] J Anal Toxicol. 2007

Enhanced
Artificial

Saliva
- LC-MS/MS 0.997 (midazolam)

Donzelli et al.
[43]

Clin
Pharmacokinet. 2014 Plasma Saliva HPLC-MS/MS 0.886–0.959

(midazolam)

Brivaracetam Rolan et al.
[50]

Br J Clin
Pharmacol. 2008 Plasma Saliva LC-MS 0.97

Carbamazepine and
carbamazepine-10,11-

epoxide

Vasudev et al.
[58] Neurol India 2002 Serum Saliva HPLC 0.659

Dordevic et al.
[53]

Vojnosanit
Pregl. 2009 Serum Saliva HPLC 0.9481

Al Za’abi et al.
[61]

Acta Neurol
Belg. 2003 Serum Saliva

Fluorescence
polarization

immunoassay
0.99

Djordjevic et al.
[55]

Vojnosanit
Pregl. 2012 Serum Saliva HPLC-UV 0.9117

Carona et al.
[20]

J Pharm Biomed
Anal. 2021 Plasma Saliva HPLC

0.8299 (carbamazepine)
0.9291 (carbamazepine-

10,11-epoxide)

Dziurkowska
and

Wesolowski
[62]

Mol Basel Switz. 2019 Saliva - UHPLC-
MS/MS-DAD

>0.99 (carbamazepine-
10,11-epoxide)

Carvalho et al.
[59] J Anal Toxicol. 2019

Dried
Enhanced

Saliva Spots
- HPLC-DAD 0.998

Dwivedi et al.
[63] Int J Neurosci. 2016 Serum Saliva HPLC 0.6614

Chen et al. [60] Biomed Opt
Express. 2021 Enhanced

Saliva - SERS 0.9663–0.9753

Ethosuximide Patrick et al.
[16]

Ther Drug
Monit. 2013 Blood Saliva GC 0.74–0.99

Gabapentin
Pujadas et al.

[54]
J Pharm Biomed

Anal. 2007 Enhanced
Saliva - GC-MS 0.9903

Berry et al. [66] Seizure 2003 Plasma Saliva HPLC 0.9491
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Table 1. Cont.

AED (and Their
Metabolites)

Authors Publication Year Biofluid 1 Biofluid 2
Determination

Method

Correlation/
Corresponding Results

* Between the
Biofluids

Lacosamide

Carona et al.
[20]

J Pharm Biomed
Anal. 2021 Plasma Saliva HPLC 0.9912

Greenaway
et al. [68] Epilepsia 2011 Serum Saliva HPLC 0.842

Brandt et al.
[67] Epilepsia 2018 Serum Saliva Unstated 0.578–0.671

Cawello et al.
[69] Epilepsia 2013 Plasma Saliva HPLC-MS 0.9496–0.9577

Patrick et al.
[16] Ther Drug Monit. 2013 Blood Saliva HPLC 0.84–0.98

Lamotrigine

Tsiropoulos
et al. [71] Ther Drug Monit. 2000 Serum Saliva HPLC 0.85 (unstimulated)

0.94 (stimulated saliva)

Malone et al.
[72]

J Clin Neurosci Off J
Neurosurg Soc

Australas.
2006 Plasma Saliva HPLC 0.9841

Incecayir et al.
[73] Arzneimittelforschung 2007 Plasma Saliva HPLC 0.677

Mallayasamy
et al. [74] Arzneimittelforschung 2010 Plasma Saliva HPLC 0.6832

Ryan et al. [75] Pharmacotherapy 2003 Serum Saliva HPLC 0.905, 0.940

Patrick et al.
[16] Ther Drug Monit. 2013 Blood Saliva HPLC 0.95

Levetiracetam

Lins et al. [78] Int J Clin Pharmacol
Ther. 2007 Plasma Saliva Unstated 0.88

Grim et al. [76] Ther Drug Monit. 2003 Serum Saliva HPLC 0.87, 0.86

Carona et al.
[20]

J Pharm Biomed
Anal. 2021 Plasma Saliva HPLC 0.8428

Mecarelli et al.
[77] Ther Drug Monit. 2007 Serum Saliva GC 0.9

Hamdan et al.
[79]

J Anal Methods
Chem. 2017 Plasma Saliva HPLC 0.9

Patrick et al.
[16] Ther Drug Monit. 2013 Blood Saliva HPLC 0.91 (unstimulated),

0.87 (stimulated saliva)

Oxcarbazepine and
mono-

hydroxycarbazepine

Li et al. [80] Ther Drug Monit. 2016 Plasma Saliva HPLC 0.908

Miles et al. [81] Ther Drug Monit. 2004 Serum Saliva HPLC 0.941

Klitgaard et al.
[82]

Eur J Clin
Pharmacol. 1986 Plasma Saliva

Equilibrium
dialysis and an
ultrafiltration

technique

0.75

Kristensen
et al. [84] Acta Neurol Scand. 1983 Serum Saliva HPLC 0.914

Patrick et al.
[16] Ther Drug Monit. 2013 Blood Saliva HPLC 0.91–0.98
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Table 1. Cont.

AED (and Their
Metabolites)

Authors Publication Year Biofluid 1 Biofluid 2
Determination

Method

Correlation/
Corresponding Results

* Between the
Biofluids

Phenobarbital

Dwivedi et al.
[63] Int J Neurosci. 2016 Serum Saliva HPLC 0.4257

Carvalho et al.
[59] J Anal Toxicol. 2019

Dried
Enhanced

Saliva Spots
- HPLC-DAD 0.998

Patsalos and
Berry [15]

Ther Drug
Monit. 2013 Blood Saliva Unstated 0.91

Patrick et al.
[16]

Ther Drug
Monit. 2013 Blood Saliva HPLC 0.91–0.94

Phenytoin

Carvalho et al.
[59] J Anal Toxicol. 2019

Dried
Enhanced

Saliva Spots
- HPLC-DAD 0.998

Al Za’abi et al.
[61]

Acta Neurol
Belg. 2003 Serum Saliva

Fluorescence
polarization

immunoassay
0.98

Patrick et al.
[16]

Ther Drug
Monit. 2013 Blood Saliva HPLC 0.92–0.99

Patsalos and
Berry [15]

Ther Drug
Monit. 2013 Blood Saliva Unstated 0.85–0.99

Primidone

Patrick et al.
[16]

Ther Drug
Monit. 2013 Blood Saliva HPLC 0.71–0.98

Patsalos and
Berry [15]

Ther Drug
Monit. 2013 Blood Saliva Unstated 0.71–0.97

Rufinamide

Franco et al.
[85] Epilepsia 2020 Plasma Saliva HPLC-UV 0.78

Mazzucchelli
et al. [87]

Anal Bioanal
Chem 2011 Plasma Saliva HPLC-UV 0.99

Topiramate
Miles et al. [88] Pediatr Neurol 2003 Serum Saliva

Fluorescence
polarization

immunoassay
0.97

Patsalos and
Berry [15]

Ther Drug
Monit. 2013 Blood Saliva Unstated 0.97

Valproic acid

Al Za’abi et al.
[61]

Acta Neurol
Belg. 2003 Serum Saliva

Fluorescence
polarization

immunoassay
0.7

Dwivedi et al.
[89] Seizure 2015 Serum Saliva HPLC 0.13

Tonic-Ribarska
et al. [90]

Acta Pharm
Zagreb Croat. 2012 Saliva - HPLC 0.9989

* corresponding results (%) were noted in articles that did not state a correlation coefficient. GC = gas chro-
matography, GLC = gas–liquid chromatography, HPLC = high-performance liquid chromatography, HPLC-
DAD = high-performance liquid chromatography with diode-array detection, HPLC-UV= high-performance
liquid chromatography with ultraviolet spectroscopy, LC-MS = liquid chromatography mass-spectrometry, LC-
MS/MS = liquid chromatography tandem mass-spectrometry, SERS = surface-enhanced Raman spectroscopy,
UHPLC-MS/MS = ultra-high performance liquid chromatography.

5. Discussion

AEDs are numerous and diverse, with different mechanisms of action, and choosing
the right anti-epileptic for a patient is based on numerous factors such as the seizure type,
the potential for drug interactions and the associated comorbidities. The initial response of
a patient to a prescribed AED and the monitoring of the dosages is traditionally performed
through blood sampling TDM. This monitoring is important because of the clinically
relevant differences that exist among similarly active AEDs. Moreover, their possible
interactions can lead to both beneficial and/or undesirable effects [14]. Furthermore, the
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importance of AED and TDM also comes from the statement that about 30% of patients are
refractory or drug resistant to AEDs [20].

Numerous AEDs have great potential to be routinely determined through saliva sam-
pling, especially clobazam, clonazepam, diazepam, midazolam, carbamazepine, gabapentin,
lacosamide, lamotrigine, levetiracetam, oxcarbazepine, phenobarbital, phenytoin, prim-
idone, rufinamide, topiramate and valproic acid. Saliva TDM would greatly facilitate
AED administration for practitioners through its rapidity, ease and a better avoidance of
possible side effects. Future research should be focused in order to study and confirm the
correlations between these AEDs’ blood and saliva levels. Additionally, more research is
needed to create a basis for saliva TDM for all the other generally prescribed AEDs.

There is usually a constant proportion between the non-protein-bound AED concentra-
tion and the protein-bound. In some cases, when protein binding is influenced by various
pathologies (such as renal or hepatic diseases), the free non-protein bound dictates the
therapeutic outcome and serves as a clinical guideline for dose management. Therefore,
traditionally, the free pharmacologically active concentrations of the component are mea-
sured through blood withdrawals in order to adapt patients’ doses [15,17]. The blood
withdrawals should be performed at the moment when the AED reaches its plasmatic
peak in order to monitor the effects. The AED oral dose might be constant, whilst the
plasma levels, however, may be low, which can cause seizures to appear. In these cases,
it is essential to perform TDM correctly [91]. Saliva TDM of AEDs can be carried out,
however, as an alternative assessment sampling technique, with knowing the precise tim-
ing of the drug’s blood:saliva equilibrium for each patient [16]. The majority of AEDs,
because of their lipophilic properties, cross the blood–brain barrier and can be determined
from saliva [16]. Further research is needed in order to determine the right moment for
sampling—especially when switching the medications, when multiple AEDs are prescribed
or in pharmacologically resistant patients [17,20,21].

With regard to the ideal biofluid with which to compare saliva AEDs levels, further
research is needed. Many of the described studies used in vitro enhanced biofluids to
establish correlations, while other studies tested AEDs levels in both healthy and epileptic
patients. The metabolic response between subjects with epilepsy and healthy subjects under
AEDs treatment is different. Another aspect is that, in general, plasma and serum levels are
comparable. Serum is the liquid that remains after the blood has clotted, while plasma is
the liquid that remains when clotting is prevented with the addition of an anticoagulant.
However, the use of said anticoagulant can impact the plasma TDM, and the results may
vary from one study to another [92,93]. All these differences between the biofluids require
enhancement and a predictability of the TDM process. Saliva TDM is a valid option in
order to monitor AEDs levels. Further research regarding better-established protocols is,
however, needed.

The comparisons between AEDs levels between saliva and another biofluid (e.g.,
blood or urine) have not taken into consideration modifications due to pH, biofluid density,
composition or due to any other pathologies or concomitant drug intakes (drugs prescribed
for pathologies other than epilepsy). Additionally, AED monitoring through saliva is a
practice that is gaining popularity due to several advantages. Its ease in collecting and
storing even multiple samples at a time and the lack of invasiveness might result in it being
the future matrix of choice for AED TDM [1,16,17].

There are a few disadvantages associated with saliva TDM, such as the modifications
of the oral fluid flow rate, consistency and collected amounts that vary from one patient
to another. Moreover, there are difficulties in saliva sampling in certain populations with
xerostomia or with critical illnesses. Other drawbacks include the contamination of saliva
samples with food, with various periodontal and dental caries microorganisms and even
with blood from periodontal pockets [1,17]. There is also a very short period of time
available for drug detection in saliva: about 12–24 h after consumption [35].

The benefits of using saliva as AED TDM, however, outweigh the drawbacks. There-
fore, there is an increased demand for further research in order to improve the detection
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and the surveillance of biomarkers. The techniques for biomarker determination should
be low-cost and simple to use and to integrate in healthcare centers. Moreover, further
research should also be aimed at the improvement of electrochemical sensors in order to
more selectively and concomitantly determine multiple types of biomarkers from oral fluid
samples. The saliva TDM of AEDs should be determined correctly, quickly and accurately
with a universal test that can correlate the oral fluid drug levels to plasma levels.

Overall, saliva analysis is a promising way to monitor numerous biomarkers, having
significant potential to be used when fast, efficient and specific determinations are needed,
hence its applicability in the future in emergency rooms or even schools, workplaces
or roadside testing with law enforcement officers [1]. As a general future perspective,
monitoring salivary biomarkers has great potential in being a selective means of analysis in
numerous medical and legal fields.

6. Conclusions

In various pathologies, the TDM of the drugs prescribed as treatment is required so
that the doses can be monitored and updated if needed. In several cases, saliva has become,
instead of blood or plasma, the matrix of choice for testing. All that being said, there is
a need for further research regarding the sensitivity of the qualitative and quantitative
determination of saliva biomarkers from oral fluid samples. With the proper adaptations
and the right analytical methods, saliva TDM has great potential to be used and perfected—
notably in long-term treatments that need constant monitorization and updating.
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Lavinia Patricia Mocan 1,*, Ioana Rusu 2, Carmen Stanca Melincovici 1, Bianca Adina Bos, ca 1, Tudor Mocan 3,4,

Rares, Crăciun 4,5, Zeno Spârchez 4,5, Maria Iacobescu 6 and Carmen Mihaela Mihu 1

1 Department of Histology, “Iuliu Hat,ieganu” University of Medicine and Pharmacy,
400349 Cluj-Napoca, Romania

2 Department of Pathology, “Prof. Dr. Octavian Fodor” Regional Institute of Gastroenterology and Hepatology,
400162 Cluj-Napoca, Romania

3 UBBMed Department, Babes, -Bolyai University, 400347 Cluj-Napoca, Romania
4 Department of Gastroenterology, “Prof. Dr. Octavian Fodor” Regional Institute of Gastroenterology and

Hepatology, 400162 Cluj-Napoca, Romania
5 3rd Medical Department, “Iuliu Hat,ieganu” University of Medicine and Pharmacy,

400162 Cluj-Napoca, Romania
6 Department of Proteomics and Metabolomics, MedFUTURE Research Center for Advanced Medicine,

“Iuliu Hat,ieganu” University of Medicine and Pharmacy, 400349 Cluj-Napoca, Romania
* Correspondence: trica.lavinia@umfcluj.ro

Abstract: Intrahepatic cholangiocarcinoma (iCCA) is the second most frequent primary hepatic
malignant tumor, after hepatocellular carcinoma (HCC). Its incidence has risen worldwide, yet the
only potentially curative treatment, surgical resection, is seldom applicable, and the median overall
survival remains extremely low. So far, there are no personalized therapy regimens. This study
investigated whether routine immunohistochemical stains have diagnostic and/or prognostic value
in iCCA. Clinical, imaging, and pathology data were retrospectively gathered for patients diagnosed
with iCCA, HCC, or liver metastases assessed using liver needle biopsies. Three study groups
with an equal number of cases (n = 65) were formed. In the iCCA group, CK19, CA19-9, CK7, and
CEA demonstrated the highest sensitivities (100%, 100%, 93.7%, and 82.6%, respectively). The most
relevant stains used for diagnosing HCCs were Glypican 3, CD34 (sinusoidal pattern), and Hep
Par 1, with corresponding sensitivities of 100%, 100%, and 98.2%. The immunohistochemical panels
for diagnosing metastatic tumors were chosen after correlating the clinical data and morphologic
H&E aspects. Moderate/intensely positive CK7 expression and absent/low amount of intratumoral
immune cells were favorable prognostic factors and correlated with increased overall survival in
both the univariate analysis and the multivariate regression adjusted for age, existence of cirrhosis,
number of tumors, and tumor differentiation.

Keywords: intrahepatic cholangiocarcinoma; hepatocellular carcinoma; secondary tumor; needle
biopsy; immunohistochemistry; CK7; intratumoral immune cells

1. Introduction

Intrahepatic cholangiocarcinoma (iCCA), a tumor derived from the biliary epithelium,
is the second most frequent primary liver malignancy after hepatocellular carcinoma (HCC)
and accounts for 10–20% of primary hepatic malignancies [1]. Conventionally, iCCA is
located in the hepatic parenchyma, proximal to the left and right hepatic ducts [2]. Although
less frequent than perihilar and distal cholangiocarcinoma, both classified as extrahepatic
cholangiocarcinoma (eCCA), the incidence of iCCA is rising worldwide at a much greater
rate compared to the incidence of eCCA, with a striking difference of a 350% vs. 20%
increase [3,4].
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Most risk factors for iCCA are associated with chronic liver inflammation: primary
sclerosing cholangitis, hepatolithiasis, bile duct cysts and malformations, and liver flukes.
The latter account for the development of most cholangiocarcinoma cases in endemic
areas [5] but can also sporadically occur in Caucasian patients. Some authors include
hepatitis B virus (HBV) and hepatitis C virus (HCV), chronic viral hepatitis, cirrhosis, non-
alcoholic fatty liver disease, obesity, and diabetes among the risk factors [6–8]. Typically,
both iCCA and HCC occur in the setting of chronic liver disease. In such cases, serum
liver function tests, serology for viral hepatitis, alpha-fetoprotein (AFP), carcinoembryonic
antigen (CEA), carbohydrate antigen 19-9 (CA19-9), and imaging studies with tumor
characterization are part of the initial diagnostic workup.

In particular, imaging tests have a pivotal role in the diagnostic process. Differently
from any other cancer entity, the diagnosis of HCC can be made based only on imaging if
the hallmarks of HCC are present: arterial phase hyperenhancement (APHE), with washout
in the portal venous or delayed phases on CT and MRI, using extracellular contrast agents
or gadobenate dimeglumine; APHE with washout in the portal venous phase on MRI using
gadoxetic acid; and APHE with late-onset (>60 s) washout of mild intensity on CEUS [9]. In
the context of compensated advanced chronic liver disease (cACLD) and in the absence of
non-invasive criteria, a liver tumor has the same probability of being either HCC or iCCA,
and a liver biopsy (LB) is mandatory for a definite diagnosis [10]. Among the different
HCC histological subtypes, steatohepatitic HCC, scirrhous HCC, and the macrotrabecular
massive HCC do not display typical HCC features on imaging [11]. In the clinical context
of a patient with cACLD, one should rarely consider a secondary liver tumor, since this
situation is infrequent in clinical practice. According to one metanalysis, only 1.7% of liver
masses from 1453 cirrhotic livers were metastases [12]. One should, however, bear in mind
the possibility of the association between non-Hodgkin B-cell lymphoma and hepatitis C
virus infection [13]. On the other hand, when cACLD is not present, a liver nodule has the
same chance of being an HCC, an iCCA, or a secondary tumor. Clinical data and imaging
tools can be helpful in this setting, but the final diagnosis relies on LB. For example, a
prior history of malignant disease in a patient with liver nodules might hint at secondary
tumors, or sectional imaging might incidentally reveal the presence of the primary tumor,
and depending on the location, endoscopy might confirm the final diagnosis.

As seen above, LB is necessary in some clinical scenarios. However, assessing whether
a LB is necessary in a case-by-case manner is essential, given that it is an invasive proce-
dure that exposes the patient to risks such as bleeding and seeding [14]. LB only offers a
small tumor fragment, while pressuring the pathologist to extract maximal information.
Differential diagnosis between iCCA, HCC, and liver metastases is sometimes not straight-
forward. Moreover, discriminating between the three types of tumor using only the basic
hematoxylin and eosin (H&E) stain can be difficult. One can perform a limited number
of immunohistochemical stains on such a small sample. Therefore, it is vital to know the
complete clinical history and only afterward choose the correct immunohistochemical
markers. Moreover, the immunohistochemical spectrum has tremendous potential for
clinical practice, since multiple markers can have diagnostic, theranostic, or prognostic
power. Nevertheless, prognostic biomarkers in liver cancer are a necessity. Current iCCA
prognostic predictors include large tumor size (tumor > 5 cm, as stated in the current 8th
edition of the AJCC staging system), multiple tumors, vascular invasion, perineural infil-
tration, and positive regional lymph nodes (N1) [15,16]. However, the evidence supporting
these predictors is not unanimous, as not all authors reached a consensus in extensive
multicentric studies. One striking example is related to tumor size, which was associated
with survival only in univariate analysis in a large multi-institutional study that included
449 iCCA resection specimens. This correlation was not maintained in the multivariate
regression model [17]. Some immunohistochemical markers already used in daily practice
to diagnose HCC or iCCA might also have prognostic potential.

Therefore, our primary aim was to investigate which markers can aid the discrimina-
tion between the three entities, based on the experience of a tertiary hepatobiliary healthcare
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facility. Our second aim was to investigate whether certain immunohistochemical stains
have a prognostic role correlating with patient survival and whether other readily-available
pathological parameters could represent prognostic markers for iCCA or HCC.

2. Materials and Methods

2.1. Case Selection

Three Caucasian cohorts, including a matching number of cases (n = 65) with patho-
logic diagnosis of iCCA (group 1), HCC (group 2), and metastatic hepatic tumors (group 3),
established with a needle biopsy performed during 2014–2021 were retrospectively selected
from the hospital’s database. Groups 1 and 2 only included patients with advanced, unre-
sectable tumors. We decided to only include patients with advanced HCC or iCCA because
(a) we rarely perform LB in patients with resectable HCC or iCCA at our center; (b) the
majority of iCCA are diagnosed at an advanced stage, and we decided to compare them
with advanced HCC (and not with early HCC) and, therefore, to avoid potential bias; and
(c) the patients with liver metastases were already at an advanced stage, and therefore we
wanted to avoid further bias. Clinical data and imaging studies were further analyzed
for each patient, to ensure correct assignment to the study groups. Alive/dead status and
the date of death were obtained in December 2022, and overall survival (OS) (from initial
diagnosis until death) was determined. For the patients in group 3, an additional survival
period (from the secondary hepatic tumor diagnosis to the time of death) was calculated.
Data from patients alive at the end of follow-up were censored in the statistical analysis.
In total, 15 patients were excluded: six patients with metachronous iCCA and HCC, two
patients with combined hepatocellular–cholangiocarcinoma, and seven cases where the
diagnosis was established without the use of immunohistochemical stains.

2.2. Data Gathering and Interpretation of Pathology Slides

Clinical, laboratory, and imaging characteristics were recorded for each case. They
included general demographic parameters, relevant clinical characteristics, associated dis-
eases, nonspecific serum tumoral markers, number of tumors (solitary or multifocal), and
tumor size. The pathological parameters available in small biopsies were as follows: final
diagnosis (iCCA, HCC, or histologic type of metastasis along with primary site), tumor
differentiation (well, moderate, or weak), and intratumoral immune infiltrate (absent, weak,
moderate, or abundant). The immunohistochemical stains used for diagnostic purposes
were performed on 3 μm tissue sections, using completely automated systems (Leica
Bond-Max Immunostainer; Leica Biosystems, Nussloch, Germany), according to the manu-
facturer’s instructions. Two pathologists reevaluated all slides blind to the clinical data,
to ensure uniformity of stain intensity interpretation. Stains were scored using a four-tier
system: negative, weakly positive, medium positive, and intensely positive. Pathologists
requested all immunohistochemical stains made during the initial case evaluation, for
diagnostic purposes.

2.3. Statistical Analysis

Categorical data were presented as counts and percentages. Comparisons of categori-
cal data were performed using a Chi-square or Fisher’s exact test in case of low expected
frequencies. Continuous normally distributed data were reported as means and stan-
dard deviations, and skewed data as medians and quartiles. Comparisons of continuous
skewed data were performed with a Wilcoxon rank sum test. Spearman’s correlation
coefficient and its associated statistical test assessed the correlation between continuous
skewed data. The OS was defined as the time from diagnosis until death or the study end
date (December 2022). Survival data were graphically presented using the Kaplan–Meier
method. Univariate proportional Cox regression verified the relationship between various
immunohistochemical markers and survival. To confirm that these relations were not
spurious, we further added known predictors of survival as adjustment variables in the
multivariate Cox regression models. The proportional hazard assumption was checked
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with a formal statistical test for all these models, while the linear functional form for contin-
uous variables was checked using model residual plot inspection. For multivariate models,
multicollinearity was assessed with variance inflation factors. The two-tailed p-value was
computed for all statistical tests, and the results were considered statistically significant
for values below 0.05. All analyses were computed using the R environment for statisti-
cal computing and graphics (R Foundation for Statistical Computing, Vienna, Austria),
version 3.6.3, R Core Team. R: A Language and Environment for Statistical Computing
(Internet), Vienna, Austria; 2019.

2.4. Ethics Committee

Approvals from the Ethics Committees of both “Iuliu Hat,ieganu” University of
Medicine and Pharmacy (34/13 December 2021) and “Octavian Fodor” Regional Insti-
tute of Gastroenterology and Hepatology (165/9 December 2021) were obtained. All
biopsies analyzed in this study were performed for diagnostic purposes; consequently,
patient consent was waived.

3. Results

3.1. General Findings

A total of 195 patients were included in the study. The baseline patient characteristics
are depicted in Table 1.

Table 1. Baseline characteristics of the study population.

Patient Characteristics
Intrahepatic

Cholangiocarcinoma
Hepatocellular

Carcinoma
Liver Secondary Tumors p Value

Number of patients 65 65 65 ns

Clinical parameters

Age

Mean ± SD 64.42 ± 9.23 65.57 ± 6.49 63.06 ± 9.78
ns

Range 41–84 51–80 39–85

Sex, n (%)

Male 34 (52.3) 50 (76.92) 31 (47.69)
ns

Female 31 (47.69) 15 (23.08) 34 (52.3)

Environment, n (%)

Urban 35 (53.85) 45 (69.23) 50 (76.92)
0.0013

Rural 30 (46.15) 20 (30.77) 15 (23.08)

Associated diseases, n (%)

Obesity 6 (9.23) 8 (12.3) 9 (13.84) ns

Diabetes mellitus 13 (20) 15 (23.07) 13 (20) ns

Liver steatosis 16 (24.61) 15 (23.07) 13 (20) ns

Chronic Hepatitis

HBV 7 (10.77) 11 (16.92) 1 (1.53) 0.01

HCV 10 (15.38) 31 (47.69) 2 (3.07) <0.001

Alcohol abuse 3 (4.61) 15 (23.07) 3 (4.61) <0.001

Liver cirrhosis 12 (18.46) 53 (81.53) 4 (61.53) <0.001

Ethanolic 3 (4.61) 14 (21.53) 1 (1.53) <0.001

HBV 3 (4.61) 8 (12.3) - nc

HCV 5 (7.69) 29 (44.61) 1 (1.53) <0.001

Autoimmune 1 (1.53) - - ns

Metabolic - 1 (1.53) - nc
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Table 1. Cont.

Patient Characteristics
Intrahepatic

Cholangiocarcinoma
Hepatocellular

Carcinoma
Liver Secondary Tumors p Value

Idiopathic 1 (1.53) 3 (4.61) 1 (1.53) nc

Overall survival (months)

Mean ± SD 9.25 ± 9.65 31.22 ± 24.9 31.85 ± 44.47
<0.001

Range 0.1–38.66 0.16–84 0.5–192

Serum tumoral markers

AFP 72.59 ± 139.51 95.74 ± 151.93 24.84 ± 90.93 nc

CEA 8.84 ± 13.32 3.65 ± 4.02 40.64 ± 58.23 nc

CA 19-9 202.14 ± 162.71 98.36 ± 95.12 146.84 ± 170.3 nc

Morphologic parameters

Tumor size (cm)

Mean ± SD 8.05 ± 3.58 5.45 ± 4.11 4.86 ± 3.81
<0.001

Range 0.6–16 1.3–19 0.5–18

Number of tumors, n (%)

Solitary 26 (40) 28 (43.07) 5 (7.7)
<0.001

Multiple 39 (60) 37 (56.92) 60 (92.3)

Tumor differentiation, n (%)

Good 12 (18.46) 6 (9.24) 16 (24.61)

<0.001
Moderate 23 (35.38) 45 (69.24) 17 (26.16)

Poor 15 (23.07) 3 (4.62) 8 (12.31)

N/A 14 (21.53) 11 (16.9) 24 (36.92)

Tumor infiltrating lymphocytes
count, n (%)

Low 38 (58.46) 26 (40) 23 (35.38)

<0.001

Moderate 17 (26.15) 5 (7.69) 13 (20)

Abundant 0 1 (1.54) 1 (1.54)

Absent 3 (4.62) 0 0

N/A 7 (10.77) 33 (50.77) 28 (43.08)

Number of immunohistochemical
stains used (Mean ± SD) 8 ± 3 4 ± 1.67 6 ± 3.62 nc

nc = not calculated due to low sample size, ns = not significant.

Most patients with metastatic liver disease (group 3) had multifocal lesions (92.3%).
This was also the case in primary tumors, since more than half (60% iCCAs and 56.92%
HCCs) had multiple tumors. Liver metastases originated from the following primary
tumors (in descending order): colorectal carcinomas (25 cases, 38.45%), neuroendocrine
carcinomas (10 cases, 15.38% with pancreatic, pulmonary or unassigned primary location),
pancreatic ductal adenocarcinomas (9 cases, 13.85%), invasive breast carcinomas (7 cases,
10.78%), and gastric adenocarcinomas (3 cases, 4.61%).

3.2. Immunohistochemical Markers Expressed in HCC, iCCA, and Liver Metastases

The most relevant antibodies for iCCA were CK19, CA19-9, CK7, and CEA; the
corresponding sensitivity of each marker was 100%, 100%, 93.7%, and 82.6%, respectively.
The most relevant antibodies for HCC were Glypican 3, CD34 (with sinusoidal pattern),
and Hep Par 1; the corresponding sensitivity of each marker was 100%, 100%, and 98.2%,
respectively. One case with iCCA tested positive for Hep Par 1 (low intensity), and one
iCCA tested positive for Gypican 3 (low intensity). Three cases with iCCA expressed CD34
but none showed a sinusoidal pattern. Four cases from the iCCA group were CK20-positive,
but three of the four only expressed a weak intensity, while the other expressed a moderate
intensity. From the HCC cohort, only one case was positive for CK7 (weak intensity), and
three cases were CK19-positive, all with weak intensity.
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The most used markers in liver metastases were CDX2, CK7, CK20, and CK AE1/AE3.
No case from the liver metastases group tested positive for Hep Par 1 or Glypican 3. Four
cases from iCCA were CK20-positive (three of four cases showed weak intensity and one
moderate intensity). In the iCCA group, 11 cases tested positive for CDX2, while ten
had weak intensity and only one had moderate intensity. The most important and highly
expressed immunohistochemical markers in each cancer entity (HCC, iCCA, and liver
metastases) are depicted in Table 2.

Table 2. The most common immunohistochemistry markers expressed in the different types of liver
cancer.

Marker iCCA HCC Liver Metastases p Value

CK7, n (%) * 59 (93.7) 1 (14.3) 25 (80.6) <0.001

CK19, n (%) 43 (100) 3 (37.5) 6 (54.5) <0.001

CEA, n (%) 19 (82.6) 4 (44.4) 5 (50) <0.001

CA19-9, n (%) 9 (100) 0 6 (100) <0.001

Hep Par 1, n (%) 1 (3.3) 55 (98.2) 0 <0.001

Glypican 3, n (%) 1 (16.7) 44 (100) 0 <0.001

CD34, n (%) 3 (37.5) 54 (100) 0 <0.001

CDX2, n (%) 12 (28.6) 0 36 (94.7) <0.001

CK20, n (%) 4 (9.8%) 0 18 (94.7) <0.001
In blue—the most frequently expressed markers in intrahepatic cholangiocarcinoma; in red—the most frequently
expressed markers in hepatocellular carcinoma; in green—the most frequently expressed markers in liver metas-
tases from colorectal carcinoma; HCC = hepatocellular carcinoma, iCCA = intrahepatic cholangiocarcinoma;
n = number, % = per cent; p = level of significance, CK = cytokeratin; CA = carcinogenic antigen; CEA = carci-
noembryonic antigen; CD = cluster of differentiation; * a marker expressed in both iCCA and liver metastases
from colorectal carcinoma.

3.3. Prognotic Markers of iCCA

The subsequent focus was to identify histological or immunohistochemical-based
prognostic biomarkers. We first compared the OS between the two most frequent primary
liver cancers. As shown in Figure 1, patients diagnosed with iCCA had a strikingly lower
OS than HCC patients (months, interquartile range): 38.1 (27.81–52.19), 18.31 (10.58–31.69),
7.12 (2.54–19.97), and 3.56 (0.63–20.03) for the iCCA group; compared to 79.91 (70.72–90.3),
73.25 (63.11–85.03), 57.85 (46.67–71.72), and 43.2 (31.77–58.76) for the HCC group at 12, 24,
36, and 48 months, respectively, p < 0.001 (log-rank test).

Figure 1. Kaplan–Meier survival analysis regarding the pathology-confirmed diagnosis of intrahepatic
cholangiocarcinoma (iCCA) versus hepatocellular carcinoma (HCC); p < 0.001 (log-rank test).
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Next, we performed a univariate analysis, to search for prognostic biomarkers. Among
the multiple biomarkers included in the analyses (tumor size, age, tumor number, tumor
differentiation, tumor size, presence of cirrhosis, CDX2, CK19, CK7, pCEA, mCEA, CA19-9),
only CK7 (Figure 2) and the presence of immune cell infiltrates (Figure 3) were correlated
with OS (p = 0.016, p = 0.0028). Furthermore, both moderate/intense CK7 positivity and
absence/low amount of immune cell infiltrate remained as positive prognostic biomarkers
in the multivariate analysis (Table 3).

Figure 2. Kaplan–Meier survival analysis for intrahepatic cholangiocarcinoma (iCCA) cases, regard-
ing CK7 immunoexpression.

Figure 3. Kaplan–Meier survival analysis for intrahepatic cholangiocarcinoma (iCCA) cases based on
the amount of intratumoral immune cells.
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Table 3. Univariate and multivariate analysis of overall survival in intrahepatic cholangiocarcinoma
(iCCA) patients.

OS Univariate Analysis Multivariate Analysis

HR 95% CI p HR 95% CI p

Age 0.97 0.94–1 0.076

Tumor number (multiple vs. single) 1.42 0.82–2.46 0.208

Liver cirrhosis (yes vs. no) 0.93 0.46–1.85 0.828

Immune cell infiltrate (yes vs. no) * 2.68 1.38–5.2 0.004 3.64 1.67–7.9 0.001

Tumor differentiation ** 1.11 0.56–2.18 0.771

CDX2 (positive vs. negative) 1.84 0.88–3.85 0.108

CK7 negative (yes vs. no) *** 1.82 0.92–3.6 0.087 2.42 1.1–5.33 0.028

CK19 negative (yes vs. no) # 0.48 0.22–1.03 0.06

* we compared intense and moderate with low or negative; ** we compared well-differentiated with moderate and
poor differentiation; *** patients CK7-negative or with a weak staining were compared with moderate or intense
staining; # patients CK19-negative or with a weak staining were compared with moderate or intense staining;
p = level of significance; CI = confidence interval; HR = hazard ratio.

3.4. Prognostic Markers of HCC

The subsequent focus was to identify histological- or immunohistochemical-based
prognostic markers. Therefore, we performed an univariate analysis. None of the multiple
biomarkers included in the analyses (age, tumor number, intratumoral lymphocytes, liver
cirrhosis, Hep Par 1, CD34, Glypican 3) reached statistical significance (p = 0.68, p = 0.22,
p = 0.54, p = 0.60, p = 0.68, p = 0.79, and p = 0.53, respectively).

4. Discussion

4.1. Diagnostic Perspectives
4.1.1. iCCA vs. HCC

Hepatocyte paraffin 1 (Hep Par 1) demonstrates the hepatocellular origin of tumor cells,
dyes normal and neoplastic hepatocytes, and should be considered positive in cytoplasmic,
diffuse, granular staining. Both the sensitivity and specificity of Hep Par 1 exceed 90% [18,19].
Similarly to in our study, where one iCCA case showed weak Hep Par 1 positivity, other authors
reported Hep Par 1 positivity in small subsets of cholangiocarcinomas [18,19]. These data
suggest that diagnosis of cholangiocarcinoma should not be ruled out solely based on Hep
Par 1 positivity but it is highly unlikely in cases with high-intensity staining. Conversely, poorly
differentiated HCCs can lose Hep Par 1 expression [20]. Moreover, small HCC needle biopsies
can result in false-negative interpretations due to discontinuous staining. Hep Par 1 can show
positivity in scarce hepatoid variants of gastrointestinal and pancreatic adenocarcinomas [21].
Our series had no Hep Par 1-positive cases among the metastatic tumors.

Glypican 3 is highly expressed in embryonal tissue and should be considered posi-
tive in cases with strong and diffuse cytoplasmic staining, with or without membranous
staining. The sensitivity ranges between 53% and 100% in resection specimens with low
values for well-differentiated HCCs, but percentages reach 100% in poorly differentiated tu-
mors [22]. This particularity confers Glypican 3 a substantial discriminative value in poorly
differentiated HCCs, since Hep Par 1 frequently loses expression in these scenarios. Sensi-
tivity is lower in needle biopsies [23] and the specificity is also low, since Glypican 3 marks
other hepatic or extrahepatic tumors, such as hepatoblastomas, ovarian clear cell carci-
nomas, testicular yolk sac tumors, choriocarcinomas, and specific subsets of melanomas
and lung squamous cell carcinomas [24]. Glypican 3 discriminates well between HCC and
cholangiocarcinoma (intrahepatic and extrahepatic), since its expression is downregulated
in the latter [25]. In our study, all HCC cases (irrespective of their histologic differentiation)
were Glypican 3-positive, while only one iCCA case showed weak Glypican 3 positivity.
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CD34 marks sinusoidal capillarization in HCC, with uniform intensity and distribution,
while normal sinusoidal endothelial cells are CD34-negative. In our study, all HCC cases
demonstrated CD34 positivity with a sinusoidal pattern. Three iCCA cases were positive
for CD34. Nevertheless, none showed a sinusoidal pattern.

Cytokeratin 7 (CK7) and Cytokeratin 20 (CK20) display various patterns in the epithe-
lia throughout the human body. Hence pathologists frequently describe them in conjunction.
CK7 is expressed in normal bile duct epithelia but not in hepatocytes. CK20 shows a vari-
able expression, generally positive in extrahepatic bile duct tumors, including gall bladder
carcinoma, but negative in both HCC and iCCA [26]. Our findings were in accordance
with this. CK7 was utilized in 96.92% of iCCA cases, among which 59 cases (93.65%) were
positive, while four cases (6.77%) were CK7-negative. A single HCC case was CK7-positive
but showed weak intensity. CK20 was utilized in 41 iCCA cases (63.07%). Among these,
only four cases (9.75%) were CK20-positive, showing a weak intensity in three cases and
moderate intensity in one case.

Cytokeratin 19 (CK19) stains bile ducts in cirrhotic nodules and is generally CK19-
negative in HCC. In a study by Durnez et al., 16% of HCC cases were CK19-positive [27].
In our study, three cases from the HCC group stained positive for CK19, all showing
weak intensity.

Polyclonal carcinoembryonic antigen (pCEA) displays a canalicular staining pattern in
HCC, with a sensitivity ranging between 50 and 96%, with higher percentages in well- and
moderately differentiated tumors. However, it shows a diffuse cytoplasmic and luminal
pattern in iCCA and part of metastatic tumors [26,28]. Monoclonal carcinoembryonic
antigen (mCEA) is usually positive in iCCA and negative in HCC [29]. We analyzed pCEA
in 23 iCCA cases, among which 19 (82.61%) were positive.

Although not an immunohistochemical stain, Alcian blue can aid in distinguishing
poorly differentiated HCC from iCCA, by highlighting mucus secretion within the cytoplasm
of tumoral cells and thus confirming a glandular phenotype in the latter, but not in HCC [30].

4.1.2. iCCA vs. Metastatic Tumors

In the metastatic tumor group, immunoassays were requested in concordance with
existing clinical data, pursuing tissue-specific markers.

CDX2 is a transcription factor expressed in the small intestine and colon. It stains
normal intestinal epithelium, hyperplastic colonic polyps [31], and colorectal adenocarci-
noma. Consequently, it is the first choice and sometimes the only immunostaining required
to confirm the clinical diagnosis, but it is a highly non-specific marker for colorectal ade-
nocarcinoma. CDX2 marks 86–100% [32] well- and moderately-differentiated colorectal
adenocarcinomas but is also immune-positive in intestinal metaplasia, wherever it occurs.
Therefore, it can serve as a marker for intestinal differentiation. However, there is evidence
that CDX2 is positive in subgroups of ovarian mucinous adenocarcinomas; 30% of cervical
mucinous adenocarcinomas [33]; small intestine carcinoma; 36–70% of gastric adenocarcino-
mas, including signet ring cell adenocarcinomas, urothelial carcinoma, and pancreatic [34],
ileal, and appendicular neuroendocrine tumors. CDX2 also stains over one-third (37.3%) of
eCCAs and gall bladder carcinomas [35]. Thus, CDX2 is considered less specific than the
CK7-negative/CK20-positive panel for colorectal carcinoma [36]. In our study, CDX2 was
performed in 42 iCCA cases (64.61%), among which 11 cases (26.19%) were CDX2-positive.
However, 10 out of 11 cases showed weak positivity, and one showed moderate positivity.
In group 3, CDX2 staining was performed in all metastases with colorectal primaries. All
cases (n = 25) showed CDX2 positivity. Among these, 24 cases demonstrated moderate-
and high-intensity staining, while only one showed weak CDX2 staining. Among the
pancreatic ductal adenocarcinoma cases, 71.42% demonstrated weak CDX2 positivity (80%)
or moderate CDX2 positivity (20%).

A major shortcoming is the lack of reliable biomarkers for distinguishing iCCA from
gastric and pancreatic adenocarcinomas and between iCCA, eCCA, and gall bladder car-
cinomas. Indeed some markers are undergoing evaluation [37,38] but have yet to reach
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clinical practice. Until then, the clinical context and the proper use of paraclinical tools are
crucial. For instance, when discriminating between iCCA and gastric cancer, the episte-
mologically sound approach should always include an upper gastrointestinal endoscopy
to settle diagnostic doubts. Following the same rationale, discriminating between iCCA
and pancreatic adenocarcinoma should, at least in theory, be facilitated by imaging tools to
pinpoint the primary tumor.

Finally, if the immune profile is extremely ambiguous or inconclusive, we recommend
returning to the H&E morphology.

4.2. Prognostic Perspectives

Our results confirmed that advanced iCCA has a worse prognosis when compared to
advanced HCC, which is concordant with existing literature data. This statement further rein-
forces the importance of accurate early diagnosis. Several studies have focused on identifying
biomarkers for iCCA patients using various omics methods [39]. However, little attention, if
any, has been given to developing immunohistochemical-based biomarkers for the prognoses
that are already available in clinical practice and with which the pathologist has had time to
familiarize. A meta-analysis that evaluated 77 different proteins within 73 research studies
listed five immunohistochemical markers associated with patient outcome: EGFR, MUC1,
MUC4, p27, and fascein [40]. Among these, only MUC1 (also known as EMA) has entered
routine practice and promises to ensure reproducibility in large case series.

A recent study conducted by He et al. demonstrated a significant association between
the post-surgery survival of iCCA patients and two immunohistochemical markers: while
SATB1 indicated poor survival (median survival of 122 days vs. 347 days in SATB1-negative
cases, p = 0.04), Villin-positive cases were associated with better OS, with direct correlation
with Villin intensity (p = 0.002). This study recommended CK7 assessment in iCCA cases,
since it was negatively correlated with lymphatic metastasis in their case series [41]. An
interesting study conducted by Yeh et al. in Taipei validated C-reactive protein (CRP)
as a highly performant diagnostic marker for iCCA, with a 93.3% sensitivity and an
88.2% specificity. CRP also correlated with better OS (p = 0.002) and longer postoperative
recurrence-free time (p = 0.032) [42].

Our study showed that CK7-positive iCCA patients had a better OS. Until now,
only one study has evaluated the prognostic potential of CK7 and CK19 in surgically
resected iCCA patients. Based on the mARN levels of both CK7 and CK19, the authors
showed that the CK7-positive/CK19-positive index was an independent adverse prognostic
factor for survival in iCCA [43]. In addition, our study has shown that the presence of
intratumoral immune cells bears a negative prognostic significance. While the results from
this dataset appear to contrast with a previously published report from our study group, in
which PD-L1-positive intratumoral cells had a positive predictive impact, the difference
is more nuanced and resides in PD-L1 staining, the types of immune cell studied, and
population selection (early vs. advanced disease) [44]. For a further expansion on this
topic, one systematic review discussed the discrepancy between intratumoral immune cells
and the prognosis of iCCA patients (some studies describe intratumoral immune cells as
positive prognostic markers, while others as negative prognostic markers) [45]. The type of
lymphocytes infiltrating iCCA is also important: Dong Liu et al. compared CD8-positive
with Foxp3-positive lymphocytes, the latter having a positive prognostic value [45]. We
did not evaluate the type of intratumoral lymphocytes in our study. However, our findings
are significant, since tumor-infiltrating lymphocytes might correlate with the response to
durvalumab, a checkpoint inhibitor recently approved for the systemic treatment of iCCA,
based on a presumption extrapolated from HCC [46].

Our study has several limitations. First, it was a retrospective study, with all the
limitations derived from this. The study only included advanced epithelial primary liver
tumors and did not analyze other malignant liver tumors, such as hemangioendothelioma,
lymphoma, or angiosarcoma. However, the three entities included represent the vast
majority of those encountered in daily clinical practice. Second, we analyzed only the
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immunohistochemical markers routinely used for diagnostic purposes; therefore, other
prognostic markers frequently analyzed in experimental settings could not be assessed.
Third, a thorough analysis of the tumoral microenvironment was not an essential step
in the study design. Hence, the reporting on tumor-infiltrating immune cells should be
interpreted cautiously, since this represents only a quantitative estimate, with no in-depth
reporting on the type of cells and expression.

Nonetheless, despite all the limitations, some important conclusions can be made.
First, for a definite diagnosis, knowing the clinical context of each patient is mandatory.
None of the immunohistochemical markers evaluated in our study showed a perfect
delineation between the three cancer entities, and therefore one should only perform a
LB when necessary. In some situations, LB is unnecessary (e.g., liver nodule with typical
HCC features on imaging), while in others LB is not feasible (e.g., small tumors or tumors
located in segment VI or VIII) [47]. Moreover, LB is an invasive procedure, which poses
non-negligible risks, despite an overall safe profile [48]. Last, LB offers a limited tissue
fragment, so one should maximize the amount of data extracted from it. Unfortunately,
a biopsy cannot be repeated ad libitum, and the number of immunohistochemical stains
per fragment is finite. Therefore, using a panel of carefully selected immunohistochemical
markers can facilitate a less expensive and laborious final diagnosis.

5. Conclusions

Immunohistochemical stains should be assessed, first and foremost, in conjunction
with morphology and clinical data. Nothing is black and white in microscopy, and immuno-
histochemistry is no exception. In liver tumors, as in other sites, immuno-histochemical
panels remain superior to single colorations. Furthermore, apart from diagnosis, immuno-
histochemical studies can also provide prognostic information. Lastly, we strongly recom-
mend mentioning both the presence and the amount of intratumoral immune infiltrate in
routine pathologic reports.
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Abstract: Gastric cancer is the fifth type of neoplasia most frequently diagnosed and the fourth
cause of death among other cancers. Prevalence is around two times higher for males than females.
Chitotriosidase and neopterin are two molecular biomarkers with potential diagnostic and prognostic
use in malignant pathology. We conducted a longitudinal prospective cohort study on thirty-nine
patients with gastric adenocarcinoma, with a male-to-female ratio of 1.78 and an average age of
64.3 ± 9.97 years. No statistically significant differences in biomarker levels at presentation were
observed between curative-intent surgery (28 patients) and advanced cases, suited only for palliative
procedures (11 patients). Biomarker values were not significantly different for the advanced T
stage and the presence of metastasis (p > 0.05—Mann Whitney test). The patients that died in the
first 30 days after surgery did not present significantly different values at baseline, in comparison
with those that had longer survival times, though a significant cut-off value was observed for
chitotriosidase activity at 310 nmol/mL/h [AUC (area under the curve) = 0.78; 95% CI (0.61–0.92)].
The cut-off values corresponding to death after the first year, tumor invasion, and metastasis were
not statistically significant. In the COX multivariate model, neopterin did not validate itself as a
prognostic biomarker, however, chitotriosidase activity before surgery was significantly associated
with overall survival (HR = 1.0038, p = 0.03). We conclude that chitotriosidase may have the potential
to improve the prognostic model for gastric adenocarcinoma.

Keywords: gastric cancer; neopterin; chitotriosidase; stadialisation; resectability; survival

1. Introduction

Gastric cancer is the fifth most frequently diagnosed type of neoplasia (5.6%) after
mammary (11.7%), lung (11.4%), colorectal (10%), and prostate (7.3%) cancer, being the
fourth cause of death due to neoplasia (after lung, colorectal, and liver cancer) [1]. Gastric
cancer affects the male population about two times more frequently than females [1,2].
Higher incidence and prevalence of gastric cancer were observed in Eastern Asia and
Eastern Europe, while in Northern America, Africa, and Northern Europe, the rates are
lower [3].

Survival in gastric cancer is poor for advanced stages. Katai et al., working on a cohort
of over 100,000 patients, reported a five years survival rate of 71.1%, 95% CI (70.9–71.3%)
for patients with surgical resection. From 118,367 patients with gastrectomy, 587 died in the
first 30 days after the intervention, leading to short-term postoperative mortality of 0.5%.
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For stages I and II, the five-year overall survival was above 68.9%; for stages IIIA and IIIB
it was above 32.3%, while for stage IV it dropped to only 17%. The presence of metastasis
reduces the five-year survival rate to 11.5% for liver metastasis and 9.5% for peritoneal
metastasis [4]. According to Isobe et al., the 30 days postoperative mortality was 0.6% for
patients who had undergone gastrectomy [5].

Chitotriosidase and neopterin are molecular biomarkers for cellular immune response
activation. Activated macrophages are responsible for the secretion of both molecules [6,7].
Neopterin, a pteridine derivative that results after GTP (guanosine triphosphate) catabolism,
is a product of monocyte and macrophage activation, after stimulation with gamma inter-
feron, a proinflammatory cytokine [7–9].

Murr et al. suggested that malignant cells present a modified cell surface that can
trigger specific cellular immune system activation and neopterin production. Otherwise,
they considered this biomarker to be inadequate for screening or diagnostic purposes in
malignant pathology, as the frequency of higher serum levels of neopterin is related to tumor
type (with over 90% frequency of increased neopterin for hematologic neoplasms, such as
Hodgkin and non-Hodgkin lymphoma, and less than 20% for breast cancer, respectively).
On the other hand, the utility of neopterin can be relevant for the prognostic estimation at
the moment of diagnosis, as the tumor stage can influence neopterin elevation [10].

According to Unal et al., neopterin levels for subjects with gastric cancer (15.26 ± 11.46 nmol/L)
were significantly higher than for healthy age and gender-matched subjects in the control
group (9.87 ± 2.90 nmol/L), without malignancy, infections, or inflammatory pathology [11].

Hacisevki et al. also suggested that neopterin levels (mean ± standard error) before
intervention can be a possible biomarker for gastrointestinal tumors, including gastric
cancer (4.84 ± 0.74 ng/mL), colorectal cancer (4.20 ± 0.68 ng/mL), and oesophageal,
pancreatic, or liver cancer (4.67 ± 0.45 ng/mL), with a significant elevation (p < 0.001) in
comparison with a healthy control group (1.57 ± 0.13). The differences between different
types of gastrointestinal tumors were not significant [12].

Chitotriosidase is an enzyme belonging to the chitinase family, involved in the pro-
tection against pathogens with a chitin cell wall [13]. Chitotriosidase is considered an im-
portant biomarker for inherited lysosomal storage disorders such as Gaucher disease [14].
Its synthesis takes place in both physiological and pathological conditions, predominantly
in activated macrophages, neutrophils, Kupffer cells, or bronchial epithelial cells [15].
According to van Eijk et al., chitotriosidase production can be triggered by the granulocyte-
macrophage colony-stimulating factor (GM-CSF) [16].

Thein et al. evaluated chitotriosidase and neopterin levels in patients with primary
breast cancer and prostatic cancer in different evolutive stages [17]. The diagnostic capacity
of the two biomarkers was evaluated with the ROC (receiver operating characteristics)
curve. Patients with breast cancer presented a significantly higher chitotriosidase activity
in comparison with control females without cancer (p < 0.0001). Patients with prostate
cancer also presented a significantly higher chitotriosidase activity in comparison with
control, cancer-free males (p < 0.05). For neopterin values in breast cancer, the differences
with gender-matched controls were not statistically significant, though median neopterin
was significantly higher (p < 0.0001) in prostate cancer subjects in comparison to the healthy
males’ group. No significant differences were observed between male and female controls
for both biomarkers. For the diagnosis of breast cancer, the AUC (area under the curve)
was 0.97, indicating significance (p < 0.0001) for chitotriosidase at the cut-off value of
13.80 nmol/mL/h, though not for neopterin (AUC = 0.68, p = 0.88). For prostate cancer
diagnosis, chitotriosidase presented a significant AUC of 0.64 (p < 0.05) at the cut-off value
of 13.80 nmol/mL/h, and also neopterin had a significant (p < 0.0001) AUC of 0.76, at the
cut-off value of 7.6 nmol/L.

Kukur et al. also described a significantly (p < 0.05) higher chitotriosidase activity
in patients with primary prostate cancer (91.33 ± 8.32 nmol/mL/h), compared to those
with biopsy-certified benign prostatic hyperplasia (69.72 ± 8.69 nmol/mL/h). In addition,
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a higher chitotriosidase activity was observed in the group with a higher Gleason score
(118.18 ± 10.28 nmol/mL/h) [18].

This study aimed to evaluate the association of chitotriosidase and neopterin (two
novel molecular biomarkers) with tumor pathological characteristics (TNM stadialisation)
and prognosis at the presentation of gastric cancer in a surgical department. Our hypothesis
was that elevated levels of neopterin and chitotriosidase might be related to more advanced
tumors and poor survival rates.

2. Materials and Methods

2.1. Participants, Setting, and Study Design

The cohort was evaluated in an observational, longitudinal, prospective study. Partici-
pants were selected from the patients presenting with surgery indication for gastric cancer
at the “Prof. Dr. Octavian Fodor” Regional Institute of Gastroenterology and Hepatology,
Cluj-Napoca, Romania, between 8 August 2019 to 28 January 2021, who gave their informed
consent for participation. Only thirty-nine patients with gastric adenocarcinoma confirmed
by pathology report were included, whereas other types of tumors were excluded.

The sample was divided into multiple subgroups according to the following criteria:
resectability (patients with gastrectomy and patients with palliative procedure), survival in
the first 30 days and in the first year, the TNM (tumor-node-metastasis) stage, the T (tumor)
stage, class, and the presence of metastasis (M1). Neopterin levels and chitotriosidase
activity were compared between groups. All patients had at least one open laparotomy
and the presence of metastasis was confirmed during surgery and in the pathology report
for unresectable cases.

2.2. Variables, Data Source, and Collection

Demographic data (age, sex, and urban setting), routine blood test results to evaluate
nutritional status, blood group and anemia (albumin, total proteins, and hemoglobin
levels), information about the surgical procedure, intraoperative findings, tumor extension
or metastasis, as well as pathology reports regarding tumor type and stage, were collected.
Data about preoperative neoadjuvant treatment were also considered.

Overall survival represented the interval between the date of surgical intervention
and the date of death. To evaluate survival, patients or their contact relatives received
4 phone calls during the follow-up period. For surviving patients, the last information
about survival was obtained up to 20 January 2023.

To determine neopterin levels and chitotriosidase activity, fresh blood samples were
collected in EDTA vacutainers (4 mL) for each patient at hospital admission, before surgery,
after agreeing to participate in the study and signing the informed consent. The samples
were centrifuged within 15 min after collection (3000 rpm, 4 ◦C, 10 min). The separated
plasma was stored at −20 ◦C. Neopterin quantitation was performed using the Neopterin
ELISA kit (Wuhan Fine Biotech, China), according to the manufacturer’s instructions. To
measure plasma chitotriosidase activity (expressed as nanomoles of hydrolyzed substrate
per milliliter per hour—nmol/mL/h) we used an artificial fluorescent substrate (4-methyl-
umbelliferyl-chitotrioside), according to the method described by Hollak et al. [19].

2.3. Statistical Methods

The statistical analysis was performed with R Commander (R version 4.0.5). To
evaluate the distribution of quantitative data, we used skewness, kurtosis, and the Shapiro–
Wilk test. Quantitative data were presented as mean and standard deviation or as median
and interquartile range. To compare quantitative data for independent groups, we used
the Mann–Whitney test. The log-rank test was used to compare median survival time,
according to the procedure and the median values of the biomarkers.

The effect of molecular biomarkers on overall survival (OS) was evaluated with Cox
proportional hazard regressions; we presented the hazard ratio with the 95% confidence
interval, respectively, the p-value. To build the univariate models, we used the absolute val-
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ues of the determined biomarkers and the values dichotomized with medians. Multivariate
models were built that adjusted the previous values for the TNM stage and neoadjuvant
chemotherapy. Differences were considered statistically significant at a two-tailed p-value
of less than 0.05.

To find the best cut-off values and the ability of the studied biomarkers in the prediction
of advanced tumor stage (T4), the presence of metastasis (M1), and short time survival (at
thirty days and at one year after the intervention), we used the ROC (receiver operating
characteristics) curves and the maximum Youden index. The AUC (areas under the curve)
computed with bootstrap with 95% confidence intervals were also presented.

We hypothesized that neopterin levels (nmol/L) and chitotriosidase activity (nmol/mL/h)
values at presentation were increased in advanced cases (i.e., subjects with higher TNM
stages and those with unresectable tumors). We also assumed that these values could be
related to patients’ short and long-term outcomes (overall survival).

2.4. Ethical Statement

Conducted according to the revised Helsinki Declaration of 2000, this research received
approval from the “Iuliu Hat,ieganu” Ethics Committee (no. 121/24.04.2019) and from the
Ethics Committee of the “Prof. Dr. Octavian Fodor” Regional Institute of Gastroenterology
and Hepatology (no. 8900/10.07.2019). Before the investigation, all the participants agreed
and signed the informed consent form.

3. Results

Forty-two patients signed the informed consent and were evaluated; three patients
were excluded after the pathology result, two of them with GIST (gastrointestinal stromal
tumor) tumors and one with a neuroendocrine tumor. The male-to-female ratio was
1.78 (25/14), and 18 subjects originated from an urban area (46.15%). The average age for
the sample was 64.3 + 9.97 years. According to blood group, we had 22 (56.41%) A (II)
group patients, 8 (20.51%) O (I) group patients, 7 (17.94%) B (III) patients, and 2 subjects
(5.12%) with the AB (IV) blood group. Six patients had a negative Rh factor.

Within the chosen sample, 28 patients (71.79%) had benefitted from gastrectomy
(11 total and 17 subtotal gastrectomies), and 11 patients (28.2%) had had palliative proce-
dures. One patient (3.57%) had a positive resection margin. Eight patients (20.51%) received
neoadjuvant chemotherapy before surgery. Regarding the TNM stage, at presentation,
three patients (7.69%) were in stage I, eight patients (20.51%) in stage II, seventeen patients
(43.58%) in stage III, and eleven patients (28.2%) in stage IV. At presentation, eleven pa-
tients (28.2%) had metastasis. The mortality in the first 30 days after surgery was 7.6%
(3/39 patients); two patients, representing 18.18%, had a palliative approach, and one
patient, representing 3.5% of the resected group, had a gastrectomy. The survival rate in the
first year after surgery was 56.41% (representing 9% of the subjects with palliative surgery
and 75% of the cases with resection).

The differences in neopterin levels and chitotriosidase activity, according to the optimal
procedure, were not statistically significant. However, the differences regarding nutritional
status were important (Table 1). For neopterin values (p = 0.07, Mann–Whitney test) or
chitotriosidase activity (p = 0.82, Mann–Whitney test) no statistically significant differences
were observed between patients who benefitted from neoadjuvant chemotherapy and those
without preoperative treatment at presentation.

Comparing the values of the biomarkers between the individual T-groups (T1 vs. T2 vs. T3
vs. T4), the differences were not significant for both chitotriosidase (p = 0.3977—Kruskal–Wallis
test) and neopterin (p = 0.15—Kruskal–Wallis test). The differences in the values of
the studied biomarkers between the individual N stages (N1 vs. N2 vs. N3) were
not significant for either chitotriosidase (p = 0.6374—Kruskal–Wallis test) and neopterin
(p = 0.51—Kruskal–Wallis test). The differences in chitotriosidase activity and neopterin
levels, according to the subgroups of different T stages, the presence of metastasis, and the
length of survival (30 days and one-year survival), are presented in Table 2.

138



Diagnostics 2023, 13, 1362

Table 1. Laboratory findings according to the optimal procedure (n = 39).

All Subjects
(n = 39)

Curative Resection
(n = 28)

Palliative Surgery
(n = 11)

p-Value

Chitotriosidase
(nmol/mL/h) 270.00 (130.00–395.00) 290.00 (137.50–400.00) 230.00 (107.50–297.50) 0.23

Neopterin (nmol/L) 10.06 (5.31–18.15) 10.49 (5.61–20.95) 7.12 (5.31–10.50) 0.21
Total proteins (g/dL) 6.50 (5.70–7.25) 7.05 (6.00–7.50) 5.70 (5.45–6.55) 0.01
Albumin (g/dL) 3.90 (3.60–4.10) 4.00 (3.80–4.23) 3.70 (3.35–3.90) 0.04
Haemoglobin (g/dL) 10.9 (9.3–12.85) 11.35 (10.20–13.38) 10.00 (9.05–11.70) 0.16

Values presented as the median and interquartile range (Q1–Q3); p value (Mann–Whitney test) represents the
comparison between the group with curative resection and the group with palliative surgery.

Table 2. The association of chitotriosidase activity (nmol/mL/h) and neopterin levels (nmol/L) at
presentation with tumor characteristics and short-term survival.

Group of Patients
(n = 39)

Neopterin (nmol/L)
Yes*

Neopterin (nmol/L)
No**

p-Value
Chitotriosidase

(nmol/mL/h) Yes*
Chitotriosidase

(nmol/mL/h) No**
p-Value

T34 vs. T12 (n = 23) 8.47 (5.31–18.27) 11.09 (8.43–13.72) 1 280 (125–395) 250 (220–295) 1
T4 vs. T123 (n = 29) 7.12 (5.21–11.73) 16.42 (7.25–25.62) 0.1 255 (127.5–333.75) 300 (145–400) 0.45
M1 vs. M0 (n = 11) 7.11 (5.31–10.5) 10.49 (5.61–20.95) 0.21 230 (107.5–297.5) 290 (137.5–400) 0.23

Death during the first
30 days (n = 3) 7.12 (6.47–8.59) 10.22 (5.21–19.55) 0.54 490 (405–525) 250 (127.5–367.5) 0.12

Death during the first
year (n = 17) 7.12 (5.33–16.22) 10.22 (5.32–19.67) 0.65 270 (170–360) 270 (130–397.5) 0.91

Yes*—values for subjects with more advanced T or M stage, or death within the first 30 days or the first year,
respectively. No**—values for subjects with lower T stage, without metastasis and improved survival. Results are
presented as median and interquartile range.

In univariate analysis, neopterin levels and chitotriosidase activity were not signifi-
cantly associated with poor survival. For the multivariate model, only the chitotriosidase
activity was significantly associated with poor outcomes (Table 3).

Table 3. Univariate and multivariate Cox proportional hazard regressions on chitotriosidase ac-
tivity (nmol/mL/h) and neopterin levels (nmol/L) at presentation, adjusted for TNM stage and
neoadjuvant chemotherapy.

HR Unadjusted (95% CI) p HR Adjusted * (95% CI) p

Neopterin (nmol/L) 1.002 (0.9659–1.04) 0.9 1.0012 (0.952–1.0523) 0.96
Chitotriosidase (nmol/mL/h) 1.001 (0.9988–1.003) 0.37 1.0038 (1.00023–1.007) 0.03

Neopterin ≥ median 0.62 (0.267–1.48) 0.29 0.52 (0.18–1.46) 0.22
Chitotriosidase ≥ median 1.038 (0.43–2.507) 0.99 3.101 (0.758–12.69) 0.11

HR—hazard ratio; 95% CI—95% confidence interval; * Adjusted for TNM stage (I + II, III, and IV) and
neoadjuvant chemotherapy.

The ROC (receiver operating characteristic) analysis for patients that died in the
first 30 days after intervention showed a cut-off value of 10.22 nmol/L for neopterin
levels [AUC = 0.61; 95% CI (0.43–0.78)] and 310 nmol/mL/h for chitotriosidase activity
[AUC = 0.78; 95% CI (0.61–0.92)] at presentation (Figure 1). For patients who died within
the first year after the intervention, the cut-off values were 7.15 nmol/L for neopterin
[AUC = 0.54; 95% CI (0.35–0.72)] and 105 nmol/mL/h for chitotriosidase activity [AUC = 0.51;
95% CI (0.32–0.70)]. For the presence of metastasis (M1), the cut-off value for neopterin
was 7.15 [AUC = 0.63; 95% CI (0.43–0.81)] and 275 nmol/mL/h for chitotriosidase activity
[AUC = 0.62; 95% CI (0.42–0.81)]. For the T4 stage, the cut-off value for neopterin was
16.32 [AUC = 0.66; 95% CI (0.46–0.83)] and 342.5 nmol/mL/h for chitotriosidase activity
[AUC = 0.57; 95% CI (0.37–0.77)].

139



Diagnostics 2023, 13, 1362

Specificity

S
en

si
tiv

ity

1.0 0.8 0.6 0.4 0.2 0.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

AUC: 0.61 (0.43, 0.79)AUC: 0.61 (0.43, 0.79)

Specificity

S
en

si
tiv

ity

1.0 0.8 0.6 0.4 0.2 0.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

AUC: 0.78 (0.59, 0.92)AUC: 0.78 (0.59, 0.92)

A B 

Figure 1. ROC (receiver operating characteristic) curves for neopterin levels (A) and chitotriosidase
activity (B), at presentation, considering patients’ death in the first 30 days after the intervention.
AUC = area under the curve, with 95% confidence intervals.

A significant difference in survival was observed between the patients with curative
resection (median survival time 309 days), compared to those with palliative procedures
(median survival time 159 days, p = 0.006–logrank test). No significant difference in survival
(p = 0.28–logrank test) was observed between patients with neopterin levels below (median
survival time 215 days) and above (median survival time 299 days) the sample’s median
value (10.06 nmol/L). For the patients with chitotriosidase activity above the sample’s
median value (270 nmol/mL/h), the median survival time was 159 days, whereas, for
those with chitotriosidase activity below the median value, the median survival time was
282 days, without statistical significance at the logrank test (p = 0.93).

4. Discussion

This study evaluated two novel inflammatory biomarkers, still insufficiently investi-
gated in gastric cancer, the fifth most common type of cancer worldwide and the fourth
cause of death among cancers [1], with a poor prognosis in advanced stages [4,5]. As an
Eastern European country, Romania has a high incidence of gastric cancer, according to
the Global Cancer Observatory [3]. In our patient sample, the number of male patients
was almost double the number of females, in accordance with the higher prevalence of
gastric cancer in males described in the literature [1,2]. The predominant blood group
in our sample was A (II) for more than half of the subjects (56.41%), while the AB (IV)
blood group was less represented (5.12%), corresponding to the findings of Yu et al., who
indicated a higher risk of gastric cancer for people with the A blood group and a lower risk
for the AB blood group [20].

In our patient sample, the mortality in the first 30 days after gastrectomy was 3.5%,
higher than the postoperative mortality described in other studies [4,5]. This can be
explained by the high percentage of patients with advanced-stage cancers (43.58% stage III
and 28.2% stage IV, due to locally advanced tumors or the presence of metastasis confirmed
by pathology reports). Isobe et al. reported first-year and five-year survival rates at 88.6%
and 70.9%, respectively, for patients with surgical resection, respectively, and 23% and 5.6%,
for unresected cases [5]. Due to the short period of follow up, we were able to evaluate only
the first-year survival rate, which proved to be lower, at only 75% for surgical resection
patients. For patients with metastasis and palliative surgical intervention, the first-year
survival rate was 9%, close to the values found by Katai et al. [4]. As expected, a significant
difference (p = 0.006—logrank test) was observed between the median survival time for
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patients with curative resection (309 days) and median survival for those with palliative
surgery (159 days).

At presentation, there were no significant differences in the values of the studied
biomarkers between the patients that benefitted from curative-intent resection and those
with a palliative approach (Table 1). A significant difference was observed in the nutritional
status, as patients with advanced gastric cancers that were suited only for a palliative
approach presented lower albumin and total protein levels. On the other hand, Hacisevki
et al. found a significant (p = 0.002) negative correlation between neopterin and albumin
levels in patients with gastrointestinal cancer. The authors suggested that neopterin and
inflammation could contribute to the alteration of serum albumin and total proteins [12]. For
Unal et al. [11], neopterin levels were higher in the group with unresectable gastric cancer,
advanced stage, or metastasis, though without reaching statistical significance (p > 0.05).
On the contrary, in our sample, neopterin median values were apparently increased in
patients that qualified for curative resection and not in those with palliative surgery, though
without a statistical significance between these variations (Table 1). The potential effect of
neoadjuvant treatment over the biomarker values was equally not significant in our study.

Gastric cancer TNM (tumor-node-metastasis) stadialisation for the included subjects
was performed according to the 8th edition AJCC (the American Joint Committee on
Cancer) staging system [21,22], where the presence of metastasis leads to patient inclusion
in stage IV. Tumor invasion in nearby organs (T4b), and the presence of 16 or more positive
lymph nodes (N3b), but without metastasis, is indicative of stage IIIC. We have to mention
that all palliative cases in our cohort were a direct cause of metastatic disease. Patients with
tumor invasion benefitted from curative-intent resection, and only one of them presented
R1 positive resection margins, as shown in the results section. The N-stage data were
available only for patients with resection and a complete pathology report. This did not
influence the TNM stadialisation, as for unresectable subjects, it was attributed according
to the presence of metastasis. Considering the low number of subjects, the T classes were
also grouped as low (stages T1, T2, and T3) and high (stage T4), with serosa or other organ
invasion. We also grouped the TNM stage for COX regressions on the same principle.

Chitotriosidase and neopterin have been previously evaluated together as biomark-
ers of macrophage activation in infectious diseases such as brucellosis [23], ankylosing
spondylitis [24], microvascular complications of type I diabetes [6], and even lung [25],
breast [17], and prostate [17] cancer. Chitotriosidase and CHI3L1 (Chitinase-3-like-1 pro-
tein) are part of the same family of chitinases [26]. CHI3L1 is more frequently evaluated in
the scientific literature. Some tumor-promoting mechanisms were highlighted. CHI3L1
(known also as YKL-40) was associated with angiogenesis and bad prognosis in tumors
such as breast, lung, and cervical cancers [27–29]. Also, according to the literature, IL-8
(Interleukin-8) and VEGFA (vascular endothelial growth factor) angiogenic properties may
be influenced by CHI3L1 to promote cancer progression [30–32].

According to Thein et al., significantly higher (p < 0.005) neopterin levels were observed
in breast cancer patients with metastasis (10.02 nmol/L), in comparison with localized
tumors (6.34 nmol/L). The same pattern was observed for prostate cancer, with significantly
(p < 0.0005) higher median neopterin levels (21.7 nmol/L) for metastatic tumors, in com-
parison to localized prostate cancer (8.26 nmol/L). The chitotriosidase activity was higher
in the group with metastasis, in comparison with localized disease, for both breast and
prostate cancer, though without statistical significance [17]. In our cohort, the biomarkers’
values were higher in the groups without metastasis and lower tumor stage (Table 2), but
without a significant difference between the groups. This could be attributed to a better
immune response in less advanced stages, as well as to the attenuation of inflammatory
activation in higher-stage or metastatic cancer. A few studies [11,12,17,18] suggested ele-
vated chitotriosidase activity or neopterin levels in patients with neoplasia and indicated
the utility of these molecular biomarkers in the diagnostic process.

On the other hand, Murr et al. argued that neopterin levels at presentation could be
relevant for prognosis due to its association with tumor stage, though they also mentioned
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that this approach would be difficult to use for screening and diagnostic purposes [10].
Due to altered cell surface compared to normal cells, the malignant cells can lead to an
activation of the cellular immune system and neopterin release. It is possible that the
cellular immune reaction towards the tumor, which may be stronger in individuals with
more aggressive tumors, explains why those with higher neopterin production have a
higher tumor stage and a poorer prognosis [10]. According to this study, the frequency
of elevated serum levels of this biomarker is related to tumor type; it has been observed
in 42% of cases with gastric cancer, which is lower than the frequency of increased levels
in hematological malignancies, but above that of reported elevations in prostate, breast
cancer, or malignant melanoma [10]. The cut-off values were computed in our study for the
pathological proof of advanced stages, such as the presence of metastasis and local tumor
invasion (T4), however, the values were not statistically significant.

No statistically significant differences in biomarker values were observed between
short-term (30 days) and first-year survival (Table 2). In gastric cancer, Unal et al. described
a better survival (42.05 months) when serum neopterin levels were below the cut-off value
of 11.15 nmol/L, compared to the subjects with serum neopterin values above the cut off
(28.53 months, p < 0.05) [11]. In our study, the cut-off values for survival at 30 days and at
one year after the intervention were computed with the ROC curves and maximum Youden
index. Chitotriosidase activity over 310 nmol/mL/h was significant for short-term survival
(Figure 1). For one-year survival, the cut-off values of neopterin indicated a poor AUC and
no statistical significance. In a multivariate Cox regression, neopterin levels proved to be
an independent factor for the prediction of overall survival in gastric cancer, with an HR of
1.052; 95% CI (1.014–1.092), p = 0.007 [11]. In the univariate model, the individual effect of
the studied biomarkers on overall survival did not reach statistical significance (Table 3).

Due to the low number of subjects, in order to prevent overfitting, the important
tumor pathological characteristics were considered together as the TNM stage. Moreover,
stages I and II were grouped together, as they were poorly represented. In this model, we
appreciated that the maximum number of covariates is two, and we also considered the
impact of neoadjuvant therapy. Contrary to the findings of Unal et al. [11], according to our
results, neopterin did not prove to have a prognostic value, though chitotriosidase activity
presented a significant influence (HR = 1.0038, p = 0.03).

This research, however, is subject to several limitations: (one) other comorbidities,
treatments, or inflammatory disorders were not taken into account before patient selec-
tion; (two) the study was based on a single-center’s experience; (three) the low number
of subjects.

Being largely accessible with reduced measuring costs, chitotriosidase, and neopterin
may have the potential to improve, not only the diagnostic methods but also the prognostic
models in multiple malignant pathologies [11,12,17,18]. According to our knowledge,
neopterin and chitotriosidase have not been evaluated yet in Romanian patients with
gastric cancer. Our study attempted to evaluate the association of the circulating levels of
these molecular biomarkers with tumor characteristics and to establish their prognostic
value for patient survival.

5. Conclusions

In the present study, neopterin did not display significantly higher values in patients
with advanced-stage gastric cancer or poor prognosis; on the contrary, lower values (with-
out statistical significance) were associated with higher T-stage, the presence of metastasis,
and poor survival. The chitotriosidase activity was also lower in the group with palliative
interventions, without reaching statistical significance, but displayed higher values in the
groups with poor survival and was significantly associated with poor outcome, according
to the multivariate model regression. We speculate that chitotriosidase may be a useful
biomarker to evaluate the prognosis of gastric adenocarcinoma, though larger studies
comprising a higher number of subjects are necessary for confirmation.
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Abstract: Background: Factors involved in inflammation and cancer interact in various ways with
each other, and biomarkers of systemic inflammation may have a prognostic value in cancer. Glucose
transporter 1 (GLUT1) plays a pivotal role in glucose transport and metabolism and it is aberrantly
expressed in various cancer types. We evaluated the differential expression of GLUT1, along with 18F-
fluorodeoxyglucose positron emission tomography (FDG-PET) in non-small-cell lung cancer (NSCLC),
and then analyzed their prognostic significance. Methods: A total of 163 patients with resectable
NSCLC were included in this study. Tumor sections were immunohistochemically stained for
GLUT1 and GLUT3. Maximum standardized uptake value (SUVmax) was measured by preoperative
FDG-PET, and neutrophil–lymphocyte ratio (NLR), platelet–lymphocyte ratio (PLR), and lymphocyte–
monocyte ratio (LMR) were derived from pretreatment blood count. Results: GLUT1 and GLUT3 was
positively expressed in 74.8% and 6.1% of the NSCLC tissues, respectively. GLUT1 expression was
significantly correlated with squamous cell carcinoma histology, poor differentiation, high pathologic
stage, old age, male, smoking, and high SUVmax (>7) (all p < 0.05). The squamous cell carcinoma
and smoker group also showed significantly higher SUVmax (both p < 0.001). Systemic inflammation
markers, including NLR, PLR, and LMR, were positively correlated with high SUVmax (all p < 0.05).
High GLUT1 expression, high SUVmax, high NLR, and low LMR, were significantly associated with
poor overall survival in patients with NSCLC. However, in the multivariate survival analysis, LMR
was an independent prognostic factor overall (HR 1.86, 95% CI 1.05–3.3) and for the stage I/II cohort
(HR 2.3, 95% CI 1.24–4.3) (all p < 0.05). Conclusions: Systemic inflammatory markers—NLR, PLR,
and LMR are strongly correlated with the SUVmax and are indicators of aggressive tumor behavior.
Specifically, LMR is a promising prognostic biomarker in NSCLC patients.

Keywords: inflammation; monocyte; GLUT1; PET-CT scan; non-small cell lung cancer; prognosis;
survival

1. Introduction

Despite recent therapeutic advances, the prognosis of non-small-cell lung cancer (NSCLC)
is still poor, and it is a leading cause of cancer death worldwide [1]. The diverse nature of
this cancer contributes to its high mortality rate [2]. Therefore, understanding the biology of
NSCLC and its patient stratification is important for designing optimal treatments.
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The hallmarks of cancer are distinctive capabilities that make tumor growth and
metastasis possible [3]. They include sustaining proliferative signaling, evading growth
suppressors, activating invasion and metastasis, enabling replicative immortality, induc-
ing angiogenesis, and resisting cell death. In addition to these classic hallmarks, two new
hallmarks are emerging: reprogramming energy metabolism and avoiding immune destruc-
tion [3]. Cancer cells’ ability to reprogram their glucose metabolism was first discovered by
Otto Warburg and is called the Warburg Effect [4]. The Warburg Effect is characterized by
increased glycolysis in cancer cells, even in the presence of oxygen. This metabolic switch
in cancer cells is accomplished in part by upregulating glucose transporters, especially
glucose transporter-1 (GLUT1), and increases glucose influx into the cytoplasm [4].

GLUT1 is a member of a glucose transporter family (GLUT), which transports glucose
across the cell membrane. Seven glucose transporters in this family have been discov-
ered [5]. GLUT1 is overexpressed in various cancers, including lung, colorectal, and breast
cancers [6–9]. Increased uptake and utilization of glucose have also been observed by
noninvasively visualizing glucose uptake using a radiolabeled analog of glucose (18F-
fluorodeoxyglucose, FDG) and positron emission tomography (PET). FDG-PET parameters
are tumor glucose metabolic markers. Typically, the maximum standardized uptake value
(SUVmax) has been associated with the progression, metastasis, and prognosis of various
cancer types, including lung cancer [10–15].

Another emerging hallmark of cancer is its evasion of immune responses [3]. Cancer
cells are suspected of having mechanisms that help them evade immunological monitoring
or limit the extent of immunological killing [3,16,17]. Recent studies have reported new
findings regarding this ability of cancer cells, as well as the interaction between tumor cells
and immune cells in the tumor microenvironment and the relationship between tumor
cells and systemic inflammatory responses [18,19]. One of the human body’s immune
responses to cancer is changing the populations of circulating leukocytes and platelets.
Similar to bacterial or virus infections, patients with cancer often develop thrombocytosis
or neutrophilia, and these immune responses are reflected by systemic inflammatory
markers such as the neutrophil–lymphocyte ratio (NLR), the platelet–lymphocyte ratio
(PLR), and the lymphocyte–monocyte ratio (LMR) [20,21]. Interestingly, high NLR and PLR
are increasingly reported to be associated with poor prognosis in different cancers [22–27].
Although LMR has been reported as a prognostic marker for several cancers, including
lung cancer, there is currently a lack of sufficient evidence [28,29]. While it is not a novel
concept, the association of systemic inflammation with cancer has increasingly become the
subject of current research [30].

The clinical meaning of tumor metabolic activity and systemic inflammation in lung
cancer has been extensively investigated in previous studies. However, the relationship of
these key features has not been clearly elucidated, and only few studies have evaluated
these hallmarks in NSCLC rather than in small-cell carcinoma [15]. Therefore, herein,
we evaluated 18-F-FDG PET-CT, GLUT1 expression, NLR, PLR, and LMR, among other
indicators of tumor metabolic activity and systemic inflammation, for their association with
NSCLC and compared their prognostic values. Since these factors can be easily examined
in a clinical context, our findings are valuable for the therapeutic management of NSCLC.

2. Methods

2.1. Patients

A total of 163 patients diagnosed with NSCLC in St. Vincent’s Hospital between
2006 and 2016 were included in the study. All patients underwent surgical resection or
excisional biopsy. The patients’ clinical information and pathological data were obtained
from hospital medical records. The patients were classified by cancer stage at the time of
the surgery, and patients diagnosed before the announcement of staging guidelines of the
7th American Joint Committee on Cancer were restaged according to the 7th edition of
the TNM classification of malignant tumors [31]. Pure ground-glass lesions were excluded
from the study. Patients did not receive neoadjuvant chemotherapy or radiotherapy.
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Using patients’ medical reports, we recorded their differential white blood cell (WBC)
counts, taken within one month of surgery or excisional biopsy as part of a preopera-
tive workup. Inflammatory markers were defined as follows: NLR (absolute neutrophil
count/absolute lymphocyte count), PLR (absolute platelet count/absolute lymphocyte
count), and LMR (absolute lymphocyte count/absolute monocyte count).

The study was conducted according to the World Medical Association Declaration of
Helsinki and the study protocol was approved by the Institutional Review Board (IRB) of
St. Vincent’s Hospital at The Catholic University of Korea (IRB No. VC20SISI0017). Written
informed consent was obtained from all patients.

2.2. FDG/PET-CT Protocol and Image Analysis

After the patients fasted for a minimum of six hours, 3.7–5.5 MBq/kg of 18F-FDG was
injected intravenously. None of the patients had a blood glucose level exceeding 130 mg/dL
pre-injection. No contrast agent was given. Studies were acquired using a combined
PET/CT in-line system (Biograph TruePoint, Siemens Medical Solutions, Knoxville, TN,
USA), for 2–3 min per bed position.

FDG PET/CT images were reviewed by an expert nuclear medicine physician (S.Y.P.).
FDG avidity was defined as showing discrete uptake exceeding the background soft tissue
visual. The maximum standardized uptake value (SUVmax) of the primary lung lesion was
calculated from the injected dose and body weight. When there were multifocal lesions, the
region of interest was drawn for the largest lesion. The SUVmax was calculated as follows:

SUV = C/(Di/W)

C is the decay-corrected tracer tissue concentration (kBq/mL), Di is the injected dose
(MBq), and W is the body weight (kg).

2.3. Immunohistochemistry

For the construction of tissue microarrays (TMAs), the most representative areas were
identified on a slide stained with hematoxylin and eosin and marked by a pathologist (U.C).
One core measuring 5.0 mm in diameter was obtained and arrayed onto a paraffin block.
Each sample was tested using primary antibodies for GLUT1 (Abcam, Cambridge, UK;
diluted 1:200) and GLUT3 (Abcam; diluted 1:200). Briefly, 4-μm sections were deparaf-
finized in xylene and then rehydrated through a graded ethanol series. Slides were loaded
into a BenchMark XT automated slide stainer (Ventana Medical Systems, Inc., Oro Valley,
AZ, USA) and then incubated for 16 min at 37 ◦C with each primary antibody. Immunore-
activity was detected using an ultraView Universal DAB detection kit (Ventana Medical
Systems, Inc.) and 3,3′-diaminobenzidine, followed by counterstaining with hematoxylin
and a bluing agent.

An expert pathologist (U.C.) performed immunohistochemical assessments. For
the evaluation of immunoreactivity in tumor cells, a dichotomized scoring system was
used as follows: GLUT1 and GLUT3 positivity was determined if ≥10% of tumor cells
demonstrated either membranous and/or cytoplasmic staining.

2.4. Statistical Analysis

We applied chi-squared tests to compare categorical variables. Overall survival (OS)
was defined from the date of the initial diagnosis to the date of death. Progression-free
survival was defined from the date of the initial diagnosis to the data of progression.
Survival estimates were analyzed based on the Kaplan–Meier method and compared using
the log-rank test and univariate Cox proportional hazard regression analysis. Factors that
were significant according to univariate analysis or factors that were considered clinically
important were subjected to Cox proportional hazards regression multivariate analysis.

The ideal cutoff value for the FDG-PET SUVmax was determined via receiver operating
characteristic (ROC) curve analysis. A score closest to the point of maximum sensitivity and
specificity was selected, leading to the largest group of tumors that correctly predicted the
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survival event. Median values were used as cutoffs for NLR, PLR, and LMR. A nomogram
for possible prognostic factors used the R packages survival and rms. The performance
of the nomogram for predicting survival was evaluated with Harrell’s concordance index
(C-index). The bootstrapping method was used for internal validation of the nomogram. A
two-sided p value < 0.05 was considered significant. R software (version 4.2.2) was used
for the statistical analyses.

3. Results

3.1. Study Population: Demographic and Clinical Features

This study cohort included 105 adenocarcinoma (105/163, 64.4%), 49 squamous cell
carcinoma (49/163, 30.1%), and nine other histological types of cancer (e.g., large cell
carcinoma and pleomorphic carcinoma: 9/163; 5.5%) cases. The mean age was 64.8 years
(ranging from 36 to 82), and males outnumbered females (male/female ratio: 2.13). Records
showed that 43.6% of patients involved in the study had never smoked, and patients
were distributed among each discrete cancer staging category as follows: IA: 21.5%, IB:
16.6%, IIA: 16.6%, IIB: 8.6%, IIIA: 18.4%, IIIB: 2.5%, and IV: 16.0%. About two-thirds
(103/163, 63.2%) of patients received adjuvant therapy, including chemotherapy, radiation
therapy, combined chemoradiation therapy, or tyrosine kinase inhibitor therapy, while
others (60/163, 36.8%) received only surgery.

3.2. GLUT1 and GLUT3 Expression and FDG-PET SUVmax Characterization

GLUT1 and GLUT3 were positively expressed in 74.8% and 6.1% of patients, respec-
tively. GLUT1 expression was significantly correlated with male patients, smokers, and
squamous cell carcinomas with poor histologic differentiation (all p < 0.05) (Figure 1). The
average FDG-PET SUVmax was 7.1 ± 3.8, and it was significantly higher in the GLUT1-
positive compared to the GLUT1-negative group (p < 0.001) (Table 1). FDG-PET SUVmax
values ranged from 0.6 to 19.6 (median 5.9), and the mean was 6.4 (standard deviation
3.83). On the other hand, GLUT3 expression did not correlate with any clinicopathologic
features (all p > 0.05). A high SUVmax value (>7) also significantly correlated with male
patients, smokers, squamous cell carcinomas with poor differentiation, as well as patients
in advanced T stage or AJCC stage (all p < 0.05) (Table 1).

Figure 1. Micrograph of non-small cell lung cancer-expressing (A) GLUT1 and (B) GLUT3 (×400).

3.3. NLR and PLR Characterization and Their Association with Clinicopathologic Characteristics

Among all patients with NSCLC, the mean white blood cell count was 7.7 ± 2.6 × 106/mL,
and the mean NLR, PLR, and LMR were 2.8 ± 3.0, 4.0 ± 1.8, and 133.8 ± 84.8, respectively.
Patients with elevated NLR had a more advanced AJCC stage, and mean FDG-PET SUVmax
and PLR were higher in the high NLR group (all p < 0.05). The mean LMR was significantly
lower in the high NLR group (p < 0.001). Elevated PLR was associated with high FDG-PET
SUVmax and high LMR (all p < 0.05). Elevated LMR was correlated with females and a
less advanced AJCC stage (all p < 0.05). The mean FDG-PET SUVmax, NLR, and PLR were
significantly lower in the high LMR group (all p < 0.05) (Table 2).
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3.4. Correlation of Metabolic Markers and Systemic Inflammatory Markers in Patients with Stage I
and II NSCLC

Additionally, we performed a subgroup analysis in 103 patients with AJCC Stage I and
II low-stage groups. As among all patients with NSCLC, GLUT1 expression was correlated
with high FDG-PET SUVmax (6.8 ± 3.6 vs. 3.3 ± 2.5, p < 0.001), but GLUT3 expression
showed no correlation with any other markers. NLR and PLR were also positively corelated
with the FDG-PET SUVmax (all p < 0.05). However, LMR had no correlation with FDG-PET
SUVmax in this subgroup (p = 0.498).

3.5. Survival Analysis

The follow-up period ranged from 1 to 139.9 months (median 5.8 months). Ninety
patients (55.2%) died during the follow-up, and the median OS was 55.0 months. The
survival rates at 2 and 5 years after diagnosis were 71.2% (standard error 3.6%) and 51.7%
(standard error 4.0%), respectively. After surgery, 26.4% of the patients received adjuvant
chemotherapy, radiotherapy, or chemoradiotherapy.

In the univariate analysis, poor tumor differentiation, high GLUT1 expression, high
SUVmax, high NLR, low LMR, and advanced T, N, and AJCC stage were associated with worse
OS (all p < 0.05) (Figure 2). However, age, sex, smoking history, squamous cell carcinoma
histology, lymphovascular invasion, GLUT3 expression, and high PLR demonstrated no
prognostic significance (all p > 0.05). In a multivariate analysis, old age, AJCC stage, and LMR
were independent prognostic factors that were associated with OS (all p < 0.05) (Figure 3).

Figure 2. Kaplan–Meier survival curves of different parameters in patients with non-small cell
carcinoma. (A) GLUT1 expression, (B) GLUT3 expression, (C) FDG-PET SUVmax, (D) neutrophil–
lymphocyte ratio (NLR), (E) platelet–lymphocyte ratio (PLR), and (F) lymphocyte–monocyte ratio
(LMR). FDG-PET SUVmax, fluoro-D-glucose-positron emission tomography maximum uptake value.
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Figure 3. Forest plot showing hazard ratios obtained by multivariate Cox regression for overall sur-
vival in patients with non-small cell carcinoma. SUVmax, fluoro-D-glucose-positron emission tomog-
raphy maximum uptake value; NLR—neutrophil–lymphocyte ratio; LMR—lymphocyte–monocyte
ratio. * Indicates factors with significant p values.

Survival analysis was then performed in patients with AJCC stage I, II, and III NSCLC
and in patients with AJCC stage IV NSCLCL, i.e., with metastasis. In the patient with
AJCC stage I, II, and III NSCLC, old age, poor histologic differentiation, AJCC stage,
and LMR were independent prognostic factors with regard to OS (all p < 0.05) (Table 3).
Progression-free survival was analyzed in the patient with AJCC stage IV NSCLC, and
none of the clinicopathologic, metabolic, or systemic inflammatory markers were associated
with progression (all p > 0.05).
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Table 3. Univariate and multivariate Cox regression analysis for overall survival in 137 Stage I, II and
III non-small cell lung cancer patients.

Univariate Analysis Multivariate Analysis
HR 95% CI p HR 95% CI p

Age (reference: <64.3 years old) 3.51 1.16–3.51 0.009 3.11 1.67–5.8 <0.001
Sex (reference: male) 1.45 0.83–2.53 0.2 1.79 0.91–3.52 0.09

Smoking Status (reference: never smoker) 1.25 0.76–2.04 0.4 - - -
Histology (reference: non-SqCC) 1.4 0.85–2.30 0.2 - - -

Differentiation (reference: WD and MD) 2.34 1.25–4.38 0.006 2.89 1.43–5.83 <0.001
Lymphovascular invasion (reference: absent) 1.51 0.88–2.58 0.10 - - -

T stage (reference: 1)
2 1.03 0.59–1.81 0.003 0.7 0.38–1.29 0.25
3 3.02 1.54–5.91 1.37 0.52–3.63 0.53
4 1.17 0.28–4.99 0.48 0.08–2.73 0.41

N stage * (reference:0)
1 1.65 0.90–3.05 0.01 1.07 0.37–3.08 0.9
2 2.26 1.25–4.09 2.54 0.30–21.43 0.39
3 3.15 0.43–23.28 1.93 0.12–31.83 0.64

AJCC stage (reference: I)
Stage II 2.48 1.37–4.50 <0.001 3.41 1.18–9.91 0.02
Stage III 2.86 1.54–5.30 1.52 0.16–14.39 0.72

GLUT1 (reference: negative) 1.96 1.04–3.66 0.036 1.76 0.88–3.53 0.11
GLUT3 (reference: negative) 1.25 0.45–3.44 0.67 - - -

FDG-PET SUVmax (reference: low) 0.71 0.44–1.16 0.2 - - -
NLR (reference: low) 1.59 0.97–2.59 0.06 - - -
PLR (reference: low) 1.01 0.62–1.65 0.961 - - -

LMR (reference: high) 2.04 1.24–3.34 0.04 2.23 1.28–3.86 <0.001

HR—hazard ratio; CI—confidence interval; SqCC—squamous cell carcinoma; WD—well differentiated;
MD—moderately differentiated; AJCC—American Joint Committee on Cancer; SUVmax—maximum standard-
ized uptake value; NLR—Neutrophil–lymphocyte ratio; PLR—Platelet–lymphocyte ratio; LMR—Lymphocyte–
monocyte ratio. * One patient has missing pathologic N stage data.

In the subgroup of patients with stage I and II NSCLC, 42.7% of the patients died
during the follow-up period, and the median OS was 65.3 months (range 1 to 139.9 months).
The 2-year survival rate was 81.6% (standard error 3.8%) and the 5-year survival rate was
65.8% (standard error 4.7%). In this group, histological differentiation, lymphovascular
invasion, old age, T stage, and LMR were associated with OS (all p < 0.05) (Figure 4). The
2-year survival rate of patients with low LMR was 74.4%, which was significantly lower
when compared to that of the high-LMR group, which was 86.7% (p = 0.002). GLUT1
expression, GLUT3 expression, squamous cell carcinoma histology, sex, high SVUmax,
N stage, NLR, and PLR were not significant prognostic factors in stage I and II group
(all p > 0.05). According to multivariate Cox proportional hazards analysis, old age, poor
differentiation, lymphovascular invasion, and low LMR remained independent prognostic
factors associated with poor OS in patients with stage I/II NSCLC (all p < 0.05). Low
LMR was a particularly poor prognostic factor, with a hazard ratio of 2.3 (95% CI 1.2–4.3,
p = 0.008) (Figure 5).
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Figure 4. Kaplan–Meier survival curves of different parameters in patients with stage I/II non-small
cell carcinoma. (A) GLUT1 expression, (B) GLUT3 expression, (C) FDG-PET SUVmax, (D) neutrophil–
lymphocyte ratio (NLR), (E) platelet–lymphocyte ratio (PLR), and (F) lymphocyte–monocyte ratio
(LMR). FDG-PET SUVmax, fluoro-D-glucose-positron emission tomography maximum uptake value.
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Figure 5. Forest plot showing hazard ratios obtained by multivariate Cox regression for overall
survival in patients with stage I/II non-small cell carcinoma. LMR—lymphocyte–monocyte ratio. *
Indicates factors with significant p values.

3.6. Nomogram for Prediction of OS

A prognostic nomogram of patients with NSCLC was established using a Cox regres-
sion model according to significant independent prognostic factors of OS (age, AJCC stage,
and LMR). Each factor in the nomogram was assigned a weighted number of points. The
sum of points for each patient was in accordance with a specific predicted 3- and 5-year OS.
A nomogram predicting OS was also established in the group of patients with stage I and
II NSCLC (Figure 6). Independent prognostic factors in this group—such as age, histologic
differentiation, lymphovascular invasion, and LMR—were incorporated in the nomogram.
The C-index of the multivariate prognostic model slightly improved from 0.75 (standard
error 0.02) to 0.65 (standard error 0.04) when LMR was added to the model, which was
developed based on age, histological differentiation, and lymphovascular invasion.
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Figure 6. Nomogram for overall survival of patients with stage I/II non-small cell carcinoma.
LMR—lymphocyte–monocyte ratio.

4. Discussion

In this paper, we investigated the clinical significance of 18-F-FDG PET-CT SUVmax,
NLR, PLR, LMR, and expression of GLUT1 and GLUT3, which can easily be measured
in clinical settings, among various tumor metabolic activity and systemic inflammation
markers, in patients with NSCLC. Our findings showed that GLUT1 expression, NLR, and
LMR are prognostic factors predicting the OS of patients with NSCLC.

Changes in metabolic activity can be measured in vivo via metabolomics, magnetic
resonance spectroscopy, PET, and stable isotope tracing [32]. In particular, 18-F-FDG PET-
CT is not only used to diagnose malignant tumors of different cancers, but also reflects
treatment response [33], while parameters such as SUVmax, metabolic tumor volume, and
total lesion glycolysis are associated with the prognosis of patients with cancer [10–14,34].
Previous findings suggest that the uptake of 18F-FDG has an independent prognostic value
in patients newly diagnosed with NSCLC [35]. However, in our study, PET SUVmax was not
a significant prognostic factor. FDG-PET parameters are related to and affected by different
tumor markers or biomarkers such as CFLYRA21-1, NSE, SCC-ag, ki67, and p53 [36], and
MTV is known to better reflect the prognosis of patients with cancer when compared
to SUVmax [14]. In general, 18F-FDG-PET is a promising biomarker in cancer prognosis;
however, its statistical significance as a prognostic factor has not been demonstrated. Thus,
further studies must be conducted to confirm the power of 18F-FDG-PET as a prognostic
factor [37].

We investigated the expression and clinical significance of two representative GLUT
family proteins, GLUT1 and GLUT2. Only the expression of GLUT1, not GLUT3, was
associated with a shorter OS. Interestingly, GLUT1 expression and SUVmax significantly
differed according to the tumor histology and smoking history of patients with NSCLC.
Herein, both GLUT1 expression and SUVmax were higher in patients who had squamous
histology and who were smokers. These results are in line with those of previous stud-
ies [38]. In a previous study that analyzed differential gene expression in lung squamous
cell carcinoma and adenocarcinoma using The Cancer Genome Atlas datasets, GLUT1
had the highest mRNA expression level among GLUT family proteins in squamous cell
carcinoma. Similarly, GLUT1 overexpression was phenotypically and specifically linked to
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the squamous cell carcinoma subtype rather than the adenocarcinoma patient group [38].
Additionally, in a cell line study, squamous cell carcinoma was a more glycolysis-reliant
histological phenotype than adenocarcinoma, and lung squamous cell carcinoma had
higher 18F-FDG uptake than adenocarcinoma [38]. In a study by Koh et al., immuno-
histochemical evaluation of GLUT1 expression also demonstrated close association with
a squamous phenotype, micropapillary/solid histology, lymphovascular invasion, and
advanced pTNM stage in NSCLC [7]. Based on these previous findings and our data, we
conclude that GLUT1 contributes to tumor aggressiveness, especially in squamous cells.
GLUT1 immunohistochemical staining does not reflect the in vivo metabolic activity, but it
can easily be conducted as an ancillary test during surgery or biopsies. We conclude that
GLUT1 is an important indicator that can reflect the metabolic activity of NSCLC.

Analysis of the relationship between systemic inflammatory markers and other clini-
copathological factors revealed interesting findings. Increases in neutrophil, platelet, and
monocyte counts in relation to lymphocyte counts were generally correlated with an ad-
vanced stage, tumor aggressiveness, and markers of tumor metabolic activity, e.g., SUVmax
and GLUT1 expression. NLR, PLR, and LMR were indicators of aggressive tumor behavior.

In our study, NLR, PLR, and LMR correlated with SUVmax, in agreement with pre-
vious studies. In one study of head and neck cancer, NLR was positively correlated with
FDG-PET metabolic markers, including SUVmax [39]. In NSCLC, LMR and NLR showed a
weak significant correlation with SUVmax [15]. In another study, SUVmax and LMR were
independent prognostic factors in patients with stage IIIB-IV NSCLC. A novel score com-
bining these two factors was developed and was useful for prognostication [39]. Some
researchers have suggested that the underlying mechanism of such correlations is the
nonspecific inflammatory response, which may reflect increased metabolism in the primary
tumor [40]. Another hypothesis is related to tumor oxygenation and suggests that larger,
poorly oxygenated tumors show increased FDG uptake and metabolism, which may then
induce a systemic inflammatory response [15]. Our findings support such a relationship in
which the pretreatment systemic inflammatory markers correlate positively with cancer’s
FDG metabolism markers.

The association and interaction between systemic inflammatory markers and another
metabolic marker, GLUT1 expression, remains to be unexplored. The direct relationship
of NLR, PLR, LMR, and GLUT1 expression in NSCLC tissues has not been studied. In
our data, these systemic inflammatory marker levels were not associated with GLUT1
expression status. However, one study showed the link between GLUT1 copy number and
immune biomarkers of various immune cells, such as CD20, CD8A, and CD68 [41]. In this
study, GLUT1 overexpression had a negative relationship with tumor-infiltrating T-cells but
a positive relationship with tumor-infiltrating neutrophils and dendritic cells [41]. The re-
searchers of this study hypothesized that GLUT1 influences the immune microenvironment
with yet unrevealed mechanisms [41].

Based on our findings, LMR was an independent prognostic factor not only in the
total patient group, but also in early stage (stage I and II) patient groups. Conventionally,
treatment for patients with stage I or II NSCLC is surgical resection, but it is possible
that resected early stage patients with adverse prognostic factors, such as lymphovascular
invasion, would benefit more from adjuvant treatment than those without [42]. In such
patients, risk stratification is fundamental for adequate adjuvant therapy. In addition to con-
ventional pathologic high-risk factors, such as lymphovascular invasion and differentiation,
using systemic inflammatory factors that do not require additional tests can greatly help
in designing a treatment plan. When comparing nomograms with and without LMR, the
inclusion of LMR showed an increase in the C-index value from 0.65 to 0.75, representing a
more accurate prediction. In individual patients with NSCLC, low LMR adds 28.7 points to
the total score—that is, a decrease of approximately 5.7%—for the 2-year survival rate.

The interaction between tumors and inflammation has been studied in various cancers,
including NSCLC [43]. Inflammatory cells are now thought to promote cancer onset and
progression through disruption of the anti-tumor immune system and regulation of the
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tumor microenvironment and epigenetic alterations [44]. Monocytes are inflammatory
cells that produce reactive oxygen species, reactive nitrogen species, and other cytokines,
promoting DNA mutation and eventually leading to tumor progression [45]. Monocytes
can potentially differentiate into tumor-associated macrophages (TAM). TAM may promote
cancer progression, metastasis, and immune evasion via angiogenesis, secreting epithelial
and vascular endothelial growth factors, extracellular matrix remodeling, and upregulating
PD-1 expression [46]. With this underlying mechanism, a relative increase in the monocyte
to lymphocyte count—that is, lower LMR—may be associated with cancer prognosis. LMR
has been demonstrated as a promising prognostic marker in various solid cancers, including
NSCLC [29].

Our study was limited because EGFR mutation test results were unavailable for
most patients in the cohort. Most administered adjuvant therapies were non-tyrosine
kinase inhibitors (TKI) and were conventional, but a few patients who experienced cancer
recurrence underwent EGFR testing and received TKI therapy. Such heterogeneity in
treatment methods may have affected the survival data and is thus a limitation of this study.
However, a review of medical records showed that only a small number of patients (five
in total) underwent TKI therapy, suggesting that the potential effects on the results of this
study would have been minimal.

5. Conclusions

In this study, we showed that markers of tumor metabolic activity—GLUT1 and
SUVmax—were positively correlated with neutrophil, platelet, and monocyte count in-
creases in relation to lymphocyte count. GLUT1, NLR, and LMR are predictors of OS in
NSCLC patients, helping to identify high-risk patients in need of close surveillance and
adjuvant therapy. Further studies are warranted to investigate whether addition of these
biomarkers to the current staging system could improve survival prediction, and hence
support treatment decision making for patients with NSCLC.
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