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REVIEW ARTICLE

Characteristics and prognosis of patients
with cardiac sarcoidosis presenting with
atrioventricular block and ventricular
arrhythmias

and Raheel Ahmed?

'Department of Medicine, Gold Coast University Hospital, Southport, Queensland, Australia
2Department of Cardiology, Royal Brompton and Harefield Hospitals, London, United Kingdom

Caleb Carver'*

Abstract

Cardiac sarcoidosis (CS) may initially present with life-threatening arrhythmias such
as atrioventricular block (AVB) and ventricular arrhythmia (VA), including ventricular
tachycardia and ventricular fibrillation. Diagnosing CS is challenging due to subtle
or absent findings in routine tests and the low sensitivity of the definitive diagnostic
tool, endomyocardial biopsy. CS can also mimic other cardiac conditions such as
dilated cardiomyopathy or arrhythmogenic right ventricular cardiomyopathy, and it
may occur without any systemic involvement. Consequently, delays in presentation,
accurate diagnosis, and initiation of appropriate treatment are frequent. Greater
awareness of the condition could improve outcomes for patients with CS. Non-
invasive advanced imaging techniques, such as 18F-fluorodeoxyglucose positron
emission tomography and cardiac magnetic resonance imaging are essential for
diagnosis, although they may not be accessible in all clinical settings. Management of
arrhythmias in CSinvolves conventional therapies in the utilization of antiarrhythmics
and non-pharmacological therapy (e.g., implantable devices), but with notable
divergences in the use of immunosuppression and a preference for implantable
cardioverter defibrillators over permanent pacemakers. This narrative review aimed
to outline the clinical features of patients with CS presenting with AVB or VA and
examine diagnostic investigations, imaging techniques, treatment approaches, and
prognosis based on current research and international guidelines.

Keywords: Cardiac sarcoidosis; Sarcoidosis; Atrioventricular block; Ventricular tachycardia;
Ventricular fibrillation; Sudden cardiac death

1. Introduction

Sarcoidosisisamultisystem disease characterized by granuloma formation, inflammation,
and subsequent scarring. Cardiac involvement is clinically evident in approximately 5%
of cases, although imaging and postmortem studies have revealed that this may be an
underestimation."* Cardiac sarcoidosis (CS) has a worse prognosis than other organ
involvement, contributing to death in up to 85% of Japanese patients with sarcoidosis.?
The manifestations of CS vary and include atrioventricular block (AVB), ventricular
arrhythmias (VAs), left ventricular systolic dysfunction, and even sudden cardiac death,
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with AVB and VA elevating the risk of sudden cardiac
death. Most deaths from CS result from arrhythmias. CS
is a heterogeneous disease, displaying varying severity and
presentation across ethnicities. Prognosis is particularly
poorer in Japanese patients than in those from Europe or
the United States (US), with studies on Japanese patients
often showing worse outcomes.’ This ethnic variation is
also observed in African American and White patients.
A large-scale US study revealed a higher incidence of VAs
and AVB in White patients than in African American
patients but showed worse overall outcomes, including
cardiogenic shock and mortality, in African Americans
than in Whites.*

2.Review
2.1. Presentations of CS

CS can present in various forms, making diagnosis difficult.
Autopsy data have revealed a high mortality rate associated
with CS, with many cases remaining undiagnosed during
the patients lifetime.”> In fact, sudden cardiac death
(occurring within 24 h of symptom onset which often
results in death at the scene or post-resuscitation without
neurological recovery) may be the sole presentation in up
to 14% of cases,’ as observed in a large-scale Finnish study.
However, most patients with asymptomatic CS, diagnosed
through cardiac magnetic resonance (CMR) imaging, have
been reported to follow a benign clinical course.”

CS may present as VAs, heart failure, or AVB,
with heart failure increasing the risk of arrhythmia
and hospitalizations.® The disease burden is high,
with sarcoidosis posing a greater risk of heart failure
development than known factors such as hypertension and
coronary artery disease.” CS is also an important differential
diagnosis for patients presenting with otherwise idiopathic
ventricular tachycardia (VT). A case series showed that
12% of patients who underwent ablation for idiopathic
VT were later diagnosed with arrhythmogenic CS, often
in a delayed manner.!® These patients were relatively
young (average age: 51 years). Although two-thirds of the
patients had extracardiac sarcoidosis at diagnosis, it was
asymptomatic in all but two cases, as determined through
18F-fluorodeoxyglucose positron emission tomography
(18F-FDG PET). The remaining one-third of the patients
had isolated cardiac involvement. Similarly, a prospective
study showed that 34% of patients with AVB of unknown
origin were later diagnosed with CS."! Compared with
patients with idiopathic AVB, those with CS-related AVB
and aged <60 years had more adverse cardiac events
(0/21 vs. 3/11, p = 0.011)." Likewise, Kandolin et al. found
that over 25% of unexplained AVB cases in young and
middle-aged adults were due to CS or giant cell myocarditis

(GCM), both of which were associated with a high risk of
adverse cardiac events.'?

Diagnostic criteria for CS vary among expert societies.
Key criteria and differences are detailed in Table 1, based
on guidance from the Japanese Circulation Society (JCS,
2016),"* the World Association for Sarcoidosis and Other
Granulomatous Disorders (WASOG, 2014)," and the
Heart Rhythm Society (HRS, 2014),"* Notably, the JCS
criteria are unique in not requiring positive histology for
a definitive diagnosis. Common points among the criteria
include advanced AVB and unexplained sustained VT,
and the inclusion of extracardiac disease emphasizes the
need for a multi-specialty evaluation when CS is suspected.
However, the differences in diagnostic criteria lead to
varied CS cohorts across different countries and centers,
complicating the comparison of results, treatments, and
outcomes due to a lack of standardization.

2.2. Pathophysiology of AVB and VA in CS

Although the exact cause of sarcoidosis remains
unknown, the disease is characterized by the formation
of granulomas in various tissues. Granulomas are clusters
of cells surrounded by lymphocytes and plasma cells,
including macrophages and often multinucleated giant
cells, along with infiltrating T and B cells.'®"” Granulomas
are not unique to sarcoidosis; they can also occur in
conditions such as giant cell arteritis, Crohn’s disease, and
granulomatosis with polyangiitis. They typically form in
response to foreign bodies or specific infections such as
tuberculosis."”

In CS, the myocardium is the most clinically significant
site for granuloma formation, leading to inflammation
and the development of non-conductive scar tissue. This
results in the formation of re-entry circuits around the
scarred areas.'® However, it remains controversial whether
active inflammation or subsequent scarring and fibrosis
primarily induces the development of VAs."” Granulomas
are formed in various locations, resulting in a wide range
of VAs with different morphologies.”” Conversely, AVBs
typically occur when there is substantial involvement of
the septum, impacting the His-Purkinje system.?

2.3. Distinguishing features of CS from other
conditions presenting with AVB and VAs

Although echocardiography has a low sensitivity for
diagnosing CS, thinning of the basal interventricular
septum and/or regional wall motion abnormalitiesinanon-
coronary distribution in patients with known extracardiac
sarcoidosis is suggestive of cardiac
Echocardiography can also provide cardiac function data
that help determine the need for device implantation.

involvement.
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Table 1. Diagnostic criteria for CS as outlined by JCS, HRS, and WASOG"**

JCS 2016 CS with systemic involvement Isolated CS
Diagnosis confirmed histologically through endomyocardial biopsy Diagnosis confirmed histologically through
OR endomyocardial biopsy
Major criteria* OR
High-degree AVB or fatal VA % Ga citrate scintigraphy or 18F-FDG PET revealing
LV contractile dysfunction abnormally high tracer accumulation in the heart
%7 Ga citrate scintigraphy or 18F-FDG PET revealing abnormally high AND three of the following
tracer accumulation in the heart High-degree AVB or fatal VA
LGE of the myocardium on CMR LV contractile dysfunction
Basal thinning of ventricular septum or abnormal ventricular wall LGE of the myocardium on CMR
anatomy Basal thinning of the ventricular septum or abnormal
Minor criteria ventricular wall anatomy
Abnormal ECG findings: VA, bundle branch block, axis deviation, AND all of the following
abnormal Q waves No clinical findings of sarcoidosis in organs other than
Perfusion defect on perfusion scintigraphy the heart
Monocyte infiltration and moderate-to-severe myocardial interstitial fibrosis ~ Chest CT showing no hilar lymphadenopathy or shadows
AND along the lymphatic tracts
Granulomas found in other organs in addition to the heart ¢ Ga scintigraphy or 18F-FDG PET revealing no
OR abnormal tracer accumulation in organs other than the
Clinical findings suggestive of sarcoidosis in either the respiratory tract heart
or eyes
AND

The presence of two of the following criteria
« Bilateral hilar lymphadenopathy
« Raised serum angiotensin-converting enzyme activity or lysozyme levels
« High soluble interleukin-2 receptor levels
« Significant tracer accumulation on “Ga citrate scintigraphy or
18F-FDG PET
« High percentage of lymphocytes with a CD4/CD8 ratio of >3.5 in
bronchoalveolar lavage fluid
*Where endomyocardial biopsy is negative, either two major or one major
criterion and two or more minor criteria are required to make a diagnosis of CS

HRS 2014 Diagnosis confirmed based on histological finding of non-caseating granulomas on endomyocardial biopsy
Diagnosis of CS is probable if extracardiac sarcoidosis is confirmed and one or more of the following criteria are satisfied:
Immunosuppressant-responsive cardiomyopathy or AVB
Unexplained LVEF <40%
Unexplained sustained VT or high-degree AVB
Patchy FDG uptake on cardiac PET in a pattern consistent with that of CS
LGE on CMR
Positive gallium uptake in a pattern consistent with that of CS

WASOG 2014 Granulomatous inflammation demonstrated in one other organ and one of the following criteria is satisfied:
Treatment-responsive cardiomyopathy or AVB
Reduced LVEF in the absence of other risk factors
Spontaneous or inducible VT with no other risk factors
Mobitz IT or complete heart block
Positive gallium uptake in a pattern consistent with that of CS
LGE or T2 prolongation on CMR
Defect on perfusion scintigraphy

Abbreviations: 18F-FDG PET: 18-Fluorodeoxyglucose positron emission tomography; AVB: Atrioventricular block; CMR: Cardiac magnetic resonance
imaging; CS: Cardiac sarcoidosis; CT: Computerized tomography; ECG: Electrocardiogram; HRS: Heart Rhythm Society; JCS: Japanese Circulation
Society; LGE: Late gadolinium enhancement; LV: Left ventricle; LVEF: Left ventricular ejection fraction; VA: Ventricular arrhythmia; VT: Ventricular
tachycardia; WASOG: World Association on Sarcoidosis and Other Granulomatous Disorders.

Furthermore, a reduced left ventricular ejection fraction basal septum is a major diagnostic criterion according to
(LVEF) is a significant independent risk factor for the JCS guidelines."

mortality.?! Detection of echocardiographic findings at the A study by Di Stefano et al.? explored the use of left
initial presentation with AVB and VAs is associated with and right ventricular global longitudinal strain assessed
earlier diagnosis and treatment of CS.'"® Thinning of the through speckle-tracking echocardiography. They found a
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significant difference between patients with early CS who
had normal LVEF and right ventricular function (n = 23)
and control patients without cardiac disease (n = 97). A left
ventricular global longitudinal strain value of —16.3% had
82% sensitivity and 81% specificity for diagnosing CS.” The
most common predictor of CS in patients with AVB and
VAs is the presence of sarcoidosis in another organ system,
with up to 99% of patients with CS having involvement
of at least one other organ system.>'»*?* The WASOG
guidelines mandate the involvement of two organs for a CS
diagnosis, based on clinical or histopathological evidence,
making it crucial to assess for cardiac involvement in
patients with extracardiac disease.

Notably, patients with CS are generally younger than
those with AVB from other causes, as shown in studies
referenced in Table 2; the average age of patients with CS in
these studies ranged from 46 to 53 years. Differentiating CS
from GCM, another granulomatous disease with similar
presentations as CS and affecting a similar age group, poses
a diagnostic challenge. The key differentiators include the
presence of granulomas outside the heart and variations
in endomyocardial biopsy findings.”® A retrospective
review in Finland reclassified 45 of 73 GCM diagnoses
as CS based on biopsy and 18F-FDG PET results.”
Endomyocardial biopsy has a low sensitivity due to patchy
granuloma deposition within the heart, which may result in
missed inflammation."” Therefore, detecting extracardiac
granulomas using 18F-FDG PET is a less invasive method
for distinguishing these diseases and should be considered
before biopsy.”® When extracardiac disease is not present,
biopsy remains the primary diagnostic method despite its
limitations.

2.4.CMR imaging and FDG PET findings in AVB
versus VAs

CMR imaging and 18F-FDG PET are valuable for
diagnosing CS. Late gadolinium enhancement (LGE) on
CMR, indicating myocardial scarring and fibrosis, is a
major diagnostic criterion according to JCS guidelines.”
In contrast, 18F-FDG PET is effective in detecting active
myocardial inflammation. Divakaran et al. showed that
18F-FDG PET has a high sensitivity (100%) for diagnosing
CS but a relatively low overall specificity (33%). However,
the presence of extracardiac uptake is pathognomonic,
increasing the specificity of this method to 100% but
reducing its sensitivity to 83%, highlighting the challenge
of detecting isolated CS.** Additionally, 18F-FDG PET may
play a prognostic role, with the extent of perfusion defects
being a significant predictor of adverse events before and
after immunosuppressive treatment.” Although LGE
is commonly observed (ranging from 44% to 100%) in
studies involving patients with confirmed CS,'**% direct

comparisons between patients presenting with VAs versus
AVB have not yet been reported. Notably, more severe
disease is associated with a higher proportion of LGE,
which is observed in 88% of patients with AVB and VT
or LVEF <35% compared with 74% of patients with AVB
alone.”® LGE in the right ventricle is also linked to higher
rates of sustained VT than LGE in other areas, although
this finding is based on a small-scale retrospective study.”
Newer T2 mapping sequences in CMR, in conjunction
with LGE, can help differentiate active inflammation
from fibrosis, improving both sensitivity and specificity of
CMR.* The implication of T2 signal intensity on prognosis
remains unclear.

3. Management strategies in AVB versus
VAs

3.1. Corticosteroids and steroid-sparing agents

According to a study by Cheng et al. from the American
Heart Association, the primary treatment for active CS
is immunosuppression, with corticosteroids as the first-
line therapy.”’ However, evidence supporting their use
is limited, as no randomized controlled trials have been
conducted. A retrospective cohort study of patients with
CS presenting with AVB and LVEF >50% revealed that
AVB completely resolved in 57% of patients treated with
corticosteroids, suggesting that these factors play a role
in preventing VAs.*? These results are limited by the small
sample size (n = 7; treated with corticosteroids), which
may lead to an overestimation of the treatment effects.

A systematic review of corticosteroid use revealed
that they may help improve AV conduction, with 47%
of patients showing improvement when treated with
steroids. The efficacy appears to decrease with worsening
cardiac function at the start of treatment.'®> However,
all studies reviewed had small sample sizes, and only
a few of them assessed outcomes related to VAs. In a
subsequent prospective study of patients with AVB and no
extracardiac disease, corticosteroid therapy led to recovery
of 1:1 conduction in only one of six patients after a mean
follow-up of 21 + 9 months and did not show improved
outcomes.” Two of these six patients experienced adverse
effects caused by the steroid treatment. The small sample
size and single-center setting limit the study’s power and
comparability to other centers with different diagnostic
criteria or ethnic profiles. This highlights the uncertainty
regarding corticosteroid efficacy, particularly for VAs.
No significant prognostic difference has been reported
between high and moderate steroid doses,* but a large-
scale randomized controlled trial (CHASM CS-RCT)
is ongoing to investigate the effects of dosage and
methotrexate augmentation on prognosis.
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Table 2. Studies related to VAs and AVB in patients with CS

Author Place of Type of study No. of No. of patients Endpoints/outcomes Key findings
study patients with with VAs
AVB
Ekstrom et al.  Finland Case Series 147 48 Endpoint event was death Overall, 80% of deaths from CS were
2019° from any cause sudden cardiac death. AVB was the
most common presentation, and
the diagnosed patients showed a
5-year survival rate of 85%, which
improved to 93% after receiving
immunosuppressive therapy
Rosenthal et al. USA Prospective, 58 152 Endpoint was diagnosis of Sarcoidosis is the strongest risk
2021° multicenter cohort either heart failure, AVB, factor for the development of VT and
VT, or death in patients ~ AVB (no specific data available on
with CS prognosis after these presentations)
Hoogendoorn  Netherlands Case Series 4 10 Review of ejection Early diagnosis of CS and initiation
et al. 2020" fractions and clinical of immunosuppressive therapy are
outcomes (death, critical to improving prognosis in
hospitalization for heart  patients referred for VT ablation
failure, VT ablation) with non-ischemic cardiomyopathy
over time in early vs. late
diagnosis of CS
Nery et al. Canada Prospective, 11 - Diagnosis of CS in In patients presenting with AVB,
2014" single-center cohort patients with second- or  patients with CS have more adverse
third-degree AVB and no clinical outcomes than those without
history of sarcoidosis in
another organ. Additional
observed adverse events
(heart failure, VT)
Cacoubetal.  France Retrospective, 27 27 Assessed relapse-free High-degree AVB in patients with
2020% single-center cohort survival, where relapse  CS is associated with increased
was defined as any new  mortality. IV cyclophosphamide is
cardiac or non-cardiac associated with lower rates of cardiac
symptom attributed relapse
to sarcoidosis by the
patient’s physician
Kaida et al. Japan Retrospective, 15 - Review of LVEF and brain Early diagnosis of CS in patients
2018 single-center Cohort natriuretic peptide levels ~ presenting with complete AVB
over time in early vs. late  significantly improves prognosis
CS diagnosis
Zhou et al. USA Retrospective 14 26 Primary endpoints were ~ Lack of permanent pacemaker/ICD
2016% single-center cohort death and heart transplant. and age were significant predictors of
Recorded rates of reduced mortality for patients with CS
LVEE VA, AVB
Yodogawa et al. Japan Retrospective, - 8 Evaluation of the location LGE in the RV free wall was
2022% single-center cohort of LGE in patients with CS associated with the development of
who presented with VAs ~ VAs in patients with CS
Kato et al. Japan Retrospective 20 9 in follow-up Outcomes measured were Corticosteroids are useful in the
2003%* single-center cohort period death; improvement/ treatment of CS with AVB, leading
resolution of AVB; change to resolution in 57% of the patients.
in LVEE VT, and side Steroids may also play a role in
effects of corticosteroids  preventing VT
Sadek et al. Japan, USA, Systematic Review 57 - Outcomes examined Corticosteroids can be effective for
2013% Europe were atrioventricular treating AVB, with 47.4% of the
conduction, LVEE, VAs,  patients showing improvement. Not
and mortality enough data to draw conclusions
regarding VAs
(Contd...)
Volume 2 Issue 4 (2024) 5 doi: 10.36922/bh.3515


https://doi.org/10.36922/bh.3515

Brain & Heart

Cardiac sarcoidosis with AVB and VA

Table 2. (Continued)

Author Place of Type of study No. of No. of patients Endpoints/outcomes Key findings
study patients with with VAs
AVB
Ahmed etal.  United Retrospective 2 3 Outcomes examined were Infliximab was associated with a
2023% Kingdom  single-center cohort findings on follow-up reduction in disease activity on
18F-FDG PET and follow-up 18F-FDG PET and an
echocardiography, steroid improvement of LVEF, with no
maintenance dose, significant arrhythmic events during
morbidity, and mortality ~ follow-up. It was associated with an
increased likelihood of infection
Mohsenetal.  USA Retrospective - 12 Recorded outcomes were  Glucocorticoid therapy did not
2014% single-center cohort death and delivery of ICD prevent appropriate or inappropriate
therapies ICD shock delivery. No specific
markers were associated with
malignant VAs in CS
Nordenswan  Finland Case—control study 143 20 patients who Endpoint was sudden Patients with CS who presented with
et al. 2018" presented with  cardiac death (fatal or AVB have a high risk of sudden cardiac
AVB aborted) death. Patients presenting with AVB
alone often had delayed diagnosis of
CS and were most likely to require
transplantation. Incidence of VT was
24% at 5 years after presentation
Mathijssen Netherlands Retrospective 46 19 Primary outcome was Prior VA and right ventricular
et al. 2022* single-center cohort appropriate ICD therapy ~ LGE were predictors of ICD
delivery therapy delivery, and low rates of
inappropriate therapies were observed
Azoulay etal.  Japan, Meta-analysis Not stated ~ Not stated Outcome measured was  Age, male sex, LVEF, complete
2020% Europe, appropriate ICD therapy  heart block, and ventricular pacing
USA delivery were associated with the delivery of
appropriate ICD therapy
Jefic et al. USA Retrospective - 42 Endpoint was elimination VT ablation can be effective in
2009% multicenter cohort of VA eliminating or reducing VT burden
in cases refractory to medical therapy
Siontis et al. USA, Retrospective 36 158 Immediate and Catheter ablation shown to be
20224 Europe, multicenter cohort short-term outcomes effective in treating medically
Japan included procedural resistant VT and reducing
success, elimination defibrillator shocks and recurrent
of VT storm, and VT storm
reduction in defibrillator
shocks. The primary
long-term outcome
was the composite of
VT recurrence, heart
transplant, or death
Muser et al. USA Retrospective - 31 Long-term outcomes Active inflammation at the time of
2016 single-center cohort were VT-free survival, VT ablation is associated with higher
reduction, death, or heart relapse rates, but VT ablation is
transplant overall effective in CS
Ahmed et al®>  United Retrospective 77 - Endpoints were all-cause A late diagnosis of CS was associated
Kingdom  single-center cohort mortality, cardiac with worse outcomes as well as a
transplant, VA, or higher required steroid dose and
hospitalization for heart  a higher likelihood of requiring
failure. Maintenance cardiac device upgrade
steroid dose and cardiac
device upgrades and
complications were
evaluated
(Contd...)
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Table 2. (Continued)

Author Place of Type of study No. of No. of patients Endpoints/outcomes Key findings
study patients with with VAs
AVB

Nordenswan  Finland Case—control study 143 20 patients with Sudden cardiac death at ~ The risk of VA was high in patients

et al. 2018 AVB presentation with VA initially presenting with AVB
and remained higher if it was
concomitant with VA or severe LVSD
at the time of diagnosis

Takaya et al. Japan Retrospective 22 31 (including  Endpoint was major Patients with AVB and VA have a

2015 single-center cohort presentation adverse cardiac outcomes: similar mortality, although those with
with heart cardiac death, VA, VAs may have a higher incidence of
failure) hospitalization for heart  major adverse cardiac events

failure

Abbreviations: 18F-FDG PET: 18 Fluorodeoxyglucose positron emission tomography; AVB: Atrioventricular block; CS: Cardiac sarcoidosis;
ICD: Implantable cardioverter defibrillator; LGE: Late gadolinium enhancement; LVEF: Left ventricular ejection fraction; LVSD: Left ventricular
systolic dysfunction; RV: Right ventricle; VA: Ventricular arrhythmia; VT: Ventricular tachycardia.

Steroid-sparing agents are commonly used as second-
line treatments or adjuncts to corticosteroids. Among
these, methotrexate is the most prominent and extensively
studied. Although some reduction in myocardial
inflammation has been observed with methotrexate
through 18F-FDG PET, specific outcomes related to VAs
and AVB have not been widely reported.” Infliximab
use has been explored for cases refractory to second-line
agents. A recent case series reported no major arrhythmic
events (VA or AVB) in six patients over a mean follow-up
period of 21.2 + 15.5 months, and five of them had
presented with VA or AVB at baseline. In addition, MRI
during follow-up showed a reduction in FDG PET activity
in all patients, indicating significant improvement in
disease activity.*® Larger, multicenter studies are warranted
to further evaluate the efficacy of infliximab.

3.2. Implantable cardioverter defibrillator (ICD)

ICDs are considered as a Class 1 indication for VAs and a
Class 2a indication for AVB, even if the AVB temporarily
reverses. This recommendation is based on the high risk
of future VAs, as outlined in Table 3."%7* Pacemaker
indications, as specified by Glikson et al. in the 2021 ESC
guidelines, primarily include complete heart block, Mobitz
IT heart block, Mobitz I with syncope or infranodal block,
and symptomatic sinus node disease.’ ICD implantation
has been shown to significantly reduce mortality.® For
example, Nery et al. reported that seven patients with CS
underwent ICD implantation after initially presenting
with AVB, with two of them subsequently receiving shocks
for recurrent VT over an average follow-up period of 21
+ 9 months.11 Another retrospective study revealed that
although 36.7% of patients received appropriate shocks,
30% received inappropriate shocks, and no significant
predictors of such tachyarrhythmias were identified.”

Owing partially to concurrent immunosuppression,
patients with CS who undergo ICD implantation face a high
risk of complications, including infections or lead fractures
and dislodgement, affecting up to 15% of these patients.*
In addition, an analysis by Kron et al. suggested that
patients with isolated CS and ICDs had poorer outcomes
than those with sarcoidosis involving other systems. This
patient group had very high rates of VAs and appropriate
shocks (69%) over 4 years.*” However, selection bias may
influence these findings, as isolated CS is less likely to
be diagnosed or could be mistaken for other conditions,
potentially leading to the diagnosis of only more severe
cases. Factors associated with worse outcomes in this group
include the presence of LGE on CMR, worsened New York
Heart Association functional classification of heart failure,
reduced LVEE, and comorbidities such as chronic kidney
and lung diseases.”

Recent advancements in device leads and the increased
use of home monitoring for device interrogation have led
to lower rates of inappropriate shocks than those previously
reported. For example, Mathijssen et al. recorded an
inappropriate shock rate of 2.9%,* as shown in Figure 1
and Table 4. This study found that ICDs used for secondary
prevention (class 1 indication) delivered appropriate
therapy more frequently than those used for primary
prevention (class 2A indication) over a median follow-up
period of 2.8 years (82% vs. 19%), which aligns with
international guidelines.">*”** Predictors of appropriate
therapy included prior VAs and RV LGE on CMR,*
differing from a previous meta-analysis that identified
younger age, male sex, lower LVEF, complete heart block,
and ventricular pacing as significant predictors.”” LGE in
the RV has been linked to higher rates of sustained VT
than that in other regions.”” A meta-analysis assessing the
risk of sudden cardiac death reported that positive LGE
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Table 3. Indications for ICD implantation in patients with CS according to the 2014 HRS expert consensus,'* the 2017

ACC/AHA/HRS statements,* and the 2022 ESC guidelines®

Class of ICD recommendations in patients with CS

recommendation HRS expert consensus 2014 ACC/AHA/HRS statements 2017  ESC guideline 2022

1 Sustained VT, cardiac arrest, or LVEF<35% with expected survival of >1 year despite optimal medical therapy

2a LVEF >35% and evidence of scar on CMR/PET after resolution

of inflammation with expected survival of >1 year

2a Syncope secondary to arrhythmia with LVEF >35%

2a Inducible sustained VA on EP study with LVEF >35% and LVEF 35%-50% and minor LGE on CMR after resolution of
expected survival >1 year inflammation with sustained monomorphic VT on EP study

2a Indication of permanent pacing and LVEF >35%

2b LVEF 36%-49% and/or RVEF <40% despite optimal

medical therapy for heart failure and a period of
immunosuppression

Abbreviations: ACC: American College of Cardiology; AHA: American Heart Association; CMR: Cardiac magnetic resonance imaging; CS: Cardiac
sarcoidosis; EP: Electrophysiology; ESC: European Society of Cardiology; HRS: Heart Rhythm Society; ICD: Implantable cardioverter defibrillator;
PET: Positron emission tomography; LGE: Late gadolinium enhancement; LVEF: Left ventricular ejection fraction; RVEF: Right ventricular ejection

fraction; VA: Ventricular arrhythmia; VT: Ventricular tachycardia.

Table 4. ICD indications in the studies referenced in Figure 1
(n=Number of patients)

Indication for ICD Mohsen etal.  Mathijssen et al.
(n=30)* (n=105)*
Ventricular arrhythmia 16 19
AVB/Bundle branch block 9 46
Others (reduced LVEF, 5 40

syncope, sudden cardiac death)

Abbreviations: AVB: Atrioventricular block; ICD: Implantable
cardioverter defibrillator; LVEF: Left ventricular ejection fraction.

= Appropriate Therapy
= Inappropriate Therapy

Mohsen (2013)

Mathijssen (2022)

Figure 1. Comparison of appropriate and inappropriate implantable
cardioverter defibrillator therapy administered over 9- and 8-year
follow-up periods, respectively (x-axis = Percentage of patients receiving
therapy). Figure created by author

and programmed electrical stimulation were associated
with an 8.6- and 9-fold increased risk of VAs, respectively,
and positive LGE and PET were correlated with a 6.8- and
3.4-fold increased risk of major adverse cardiac events,
respectively.*® Although no prospective randomized trials

have evaluated ICD therapy specifically, its significance,
despite the risks of complications and inappropriate
therapy, was highlighted by Nordenswan et al., who found a
VA rate of 24.6% (n = 98) (sustained VT or sudden cardiac
death) over 5 years using the Myocardial Inflammatory
Diseases in Finland Study Group Registry.*

A challenge arises when a pacemaker is indicated and CS
is suspected but not yet confirmed. Proceeding immediately
to ICD implantation has the risk of inappropriate shocks
but prevents the need for additional procedures, where a
pacemaker is initially placed and later upgraded to an ICD.
Temporary pacing may be used during diagnostic imaging,
and clinical suspicion can help guide decision-making. At
present, there are no established guidelines for such cases;
therefore, treatment must be decided by the clinician on a
case-by-case basis.

3.3. Antiarrhythmic drugs

Antiarrhythmic drugs are commonly used with an ICD
to treat VAs, although their effectiveness has not been
extensively studied. A multicenter prospective study on
medical therapy for VAs recommended a stepwise approach:
starting with an ICD alone, followed by the addition of
an immunosuppressant and an antiarrhythmic drug, and
finally using radiofrequency ablation. In this study, 12
of the 21 patients were managed with medical therapy
alone, and 5 of the 9 patients who needed antiarrhythmics
were prescribed amiodarone.” However, specific data on
antiarrhythmic use for VAs in CS are limited. Sotalol and
amiodarone are generally recommended because VAs in
patients with CS often stem from re-entry or scar tissue,
whereas beta blockers are suggested for their additional
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benefit in heart failure. Class I antiarrhythmics, such as
quinidine and flecainide, are typically avoided due to
their potential to worsen arrhythmias in the presence of
structural heart disease.">"

3.4. Ablation

In cases refractory to medical therapy, catheter ablation
might be considered. A multicenter retrospective study
involving 158 patients showed that although CS has a high
rate of VA recurrence after ablation, these rates are similar
to those observed in other structural cardiomyopathies
(46% vs. 40%).***° Higher rates of VT recurrence were
noted when active inflammation was present at the time
of ablation, likely due to ongoing cycles of inflammation
and scarring,” indicating that the timing of intervention
affects prognosis in non-emergency cases. In addition, the
induction of arrhythmia post-ablation in CS may not be
associated with worse outcomes, such as VT recurrence,
transplant, or death, unlike other cardiomyopathies.*

3.5. Prognosis

Hoogendoorn et al. investigated the impact of delayed
diagnosis on the prognosis of patients with VAs. They
compared patients diagnosed within 6 months of their
initial presentation (n = 5) with those diagnosed after
6 months (n = 10), who had an average delay of 24 months.
The later-diagnosed group had poorer outcomes, including
reduced cardiac function, than the early-diagnosed group
receiving immunosuppression, which showed generally
stable function. This group also experienced more VT
ablations, more hospitalizations for heart failure, and higher
mortality (50% vs. 20%) over a mean follow-up period of
55 months.’* Ahmed et al. also highlighted the importance
of early diagnosis and initiation of immunosuppression
in AVB cases. Their retrospective single-center review of
77 patients revealed that early diagnosis was linked to fewer
device upgrades and lower maintenance steroid doses than
delayed diagnosis over a mean follow-up period of 54.9
+ 45.3 months.”* Delayed diagnosis has been associated
with more severe LV dysfunction than early diagnosis,
leading to a higher risk of hospitalization for heart failure,
increased mortality, and a greater number of appropriate
ICD therapies.**** Despite this, the risk of sudden cardiac
death remains high in patients with AVB, ranging from 9%
to 14% over 5 years if AVB is the sole initial presentation
and rising to 34% if AVB is accompanied with VAs.>®
Studies have consistently shown that the most common
initial presentation of CS - (unexplained AVB)® - has
worse outcomes, including a more severe clinical course,
higher mortality, and increased risk of sudden cardiac death
compared with other presentations or AVB in the absence of
sarcoidosis.'****3 Key findings are summarized in Table 2.

A long-term follow-up study revealed that one-third
of patients who initially presented with VAs experienced a
subsequent cardiac relapse. The relapse rate was similar to
that of patients with second-degree AVB but significantly
lower than that in patients with third-degree AVB (83%).”
Using data from the Myocardial Inflammatory Diseases in
Finland Study Group Registry, Nordenswan et al. evaluated
the risk of major adverse cardiac events, such as death,
transplantation, and life-threatening tachyarrhythmias,
based on the initial presentation with AVB versus
AVB accompanied with VAs and/or severe LV systolic
dysfunction. Over a median follow-up period of 2.8 years,
24% of patients with AVB + non-severe LV systolic
dysfunction experienced an event, whereas this rate was
more than double (56%) in those with AVB and VAs or
severe LV systolic dysfunction at diagnosis, indicating a
higher risk of further arrhythmias or recurrence when VAs
are present at diagnosis.”

A Japanese study evaluated 53 patients with CS who
initially presented with either AVB or VAs (n = 22 vs.
n = 31), evaluating major adverse cardiac events over a
36-month follow-up period. This study reported that AVB
was associated with a better composite endpoint than VT
and/or heart failure (log-rank test, P = 0.046), largely due
to fewer hospitalizations for heart failure. The mortality
rates were similar between the two groups.*

Isolated AVB often remains undiagnosed for extended
periods, with average delays in diagnosis ranging
from 8 to 18 months, which has significant prognostic
implications.**** The frequent occurrence of unexplained
second- and third-degree heart block in patients who
are later diagnosed with both cardiac and extracardiac
sarcoidosis'"'> underscores the need for prompt
investigation for CS in these cases.

4, Conclusions

This review highlights that sarcoidosis is frequently
overlooked or diagnosed late, which impacts patient
prognosis. Early treatment initiation is beneficial for
maintaining LVEE likely due to reduced scarring and
better LVEF at diagnosis. There is a high incidence of
CS in cases of “idiopathic” AVB or VAs; therefore, these
cases should be investigated. Initially, non-invasive
methods such as CMR and 18F-FDG PET should be used,
followed by endomyocardial biopsy if needed. However,
endomyocardial biopsy has low sensitivity and specificity
for diagnosing CS.'>* CMR may also help predict disease
progression, particularly with regard to right ventricular
LGE. A stepwise management approach - starting with
immunosuppression, followed by using an ICD, and finally
considering catheter ablation — has proven effective in the
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management of CS. Improvements in implantable devices
are evident from the significant reduction in inappropriate
shock deliveries reported in studies conducted 9 years apart.

CS is a challenging diagnosis due to its varied
presentation, genetic diversity, gradual onset, and the
highly invasive and low-sensitivity procedure required
for a histological confirmation. Early detection and
treatment are crucial for improving long-term prognosis
and reducing morbidity. This review has discussed current
imaging and management strategies for VAs and AVB
along with their outcomes. Due to the rarity of CS, most
studies included in this review are retrospective and
single-center, which introduces inherent biases. Although
there is substantial evidence supporting the use of cardiac
devices, there is limited research on medical therapy for
CS. More studies are needed to evaluate the long-term
effects of corticosteroids and steroid-sparing agents on
mortality and outcomes. In addition, biologic agents
such as infliximab, which are currently used as third- or
fourth-line treatments for resistant cases, could serve as
a significant advancement in medical therapy. However,
their use warrants further investigation, especially in early
disease stages, to assess their efficacy.

At present, immunosuppression is recommended
for active disease, whereas pharmacological treatment
is recommended for heart failure. ICD implantation and
catheter ablation for VT may be necessary for certain
patients. A multidisciplinary team approach is essential to
achieve optimal outcomes.
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Abstract

Atrial fibrillation (AF), the most prevalent arrhythmia worldwide, is associated with
an annual risk of ischemic stroke of up to 5%, with approximately 98% of thrombi
originating from the left atrial appendage (LAA). Direct oral anticoagulants or vitamin
K antagonists remain the gold standard for preventing systemic thromboembolism in
patients with AF. LAA occlusion (LAAO) is an alternative stroke prevention technique
for patients with AF who cannot tolerate long-term anticoagulation. Percutaneous
LAAO typically employs a multimodal imaging approach with contrast fluoroscopy
and transesophageal echocardiography (TEE) for visualization, device selection and
deployment, and complication monitoring. TEE is also used for follow-up imaging.
However, it necessitates general anesthesia or deep sedation and is associated with
a high risk of adverse events. Three-dimensional intracardiac echocardiography
(3D ICE) has been proposed as a viable alternative to TEE for LAAO procedures. In
this review, we summarized the current evidence regarding ICE guidance in LAAO
procedures. We also presented a case series of consecutive patients presenting at
our center who underwent LAAO, which was performed by a single operator using a
minimalist approach of moderate sedation, 3D ICE, and same-day discharge. We also
presented a summary of the minimalist approach to LAAO using 3D ICE and detailed
procedural steps of 3D ICE catheter manipulation for successful LAAO intervention.

Keywords: Left atrial appendage occlusion; Intracardiac echocardiography;
Transesophageal echocardiography; Watchman; Atrial fibrillation; Stroke; Oral
anticoagulation

1. Introduction

1.1. Advantages and limitations of intracardiac echocardiography (ICE)
guidance in left atrial appendage occlusion (LAAO) procedures

The ICE-guided LAAO procedure can be performed with moderate sedation, eliminating
the risks associated with general anesthesia and endotracheal intubation, which are

Volume 2 Issue 4 (2024)

1 doi: 10.36922/bh.4018


https://dx.doi.org/10.36922/bh.4018
https://orcid.org/0000-0001-8000-2732
https://dx.doi.org/10.36922/bh.4018
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Brain & Heart

Step by step 3D ICE guided LAA occlusion

required for the transesophageal echocardiography (TEE)-
guided LAAO procedure. However, TEE is associated with
major risks. The insertion and manipulation of a TEE probe
during examination can result in various complications,
ranging from lip pressure injuries, oral mucosal damage,
dental injuries, and temporomandibular joint dislocation
to visceral perforations.! Although most of these injuries
affect the upper gastrointestinal tract, respiratory and
other abdominal complications have been reported
occasionally.! Although several TEE-related complications
are minor and frequently remain unreported, a few
complications can be more severe, resulting in significant
morbidity and even mortality. For instance, esophageal
perforation during TEE examination is a rare but serious
complication, with a incidence of 0.01 - 0.38%. During
TEE probe manipulation, mechanical, compressive, and
thermal injuries may cause gastrointestinal bleeding.'

Most patients undergoing structural heart interventions
sustain some form of TEE-associated injury, with prolonged
procedural duration and poor or suboptimal image quality
contributing to a higher risk. The mechanism underlying
esophageal and gastric injuries is likely multifactorial,
which includes direct mechanical injury due to blind probe
insertion and manipulation, contact pressure from the probe,
and thermal injury. Prolonged image acquisition times and
patients’ underlying comorbidities further exacerbate such
injuries.? Esophagogastroduodenoscopy can detect TEE-
related lesions in up to 86% of patients undergoing structural
cardiac interventions. Of these patients, 40% experience
complex lesions such as hematomas or lacerations. Most
of these lesions are not detected during routine clinical
evaluations and may only manifest as discomfort.*
The incidence of clinically detected major TEE-related
complications in patients undergoing high-risk structural
procedures, including LAAO, has been reported to be 6.1%.?
In structural heart procedures, TEEs are performed by highly
skilled echocardiographers with a minimum of 1 year of
experience; however, despite such expertise, >80% of patients
experience complications following TEE.** In addition, TEE
has certain limitations, as it cannot be performed in up to
2% of patients due to anatomical constraints, high-risk
conditions, or alack of cooperation.® In addition to enhancing
patient comfort and satisfaction, ICE improves the efficiency
and safety of structural heart procedures.*” The three-
dimensional (3D) ICE-guided procedure enables a single
operator to complete the procedure, eliminating the need for
multiple personnel in the laboratory.*** Furthermore, ICE
guidance reduces the time required by experienced operators
to perform fluoroscopy and improves procedural scheduling
by using fewer medical specialties.!**?

The introduction of 3D ICE enhances the capabilities
of ICE guidance in LAAO procedures.”® Although 3D

images are visually striking, the main advantage of 3D
ICE is its ability to digitally rotate the imaging plane, a
feature similar to TEE that enables a complete 360° view
of the left atrial appendage (LAA). By utilizing this digital
rotation, multiple LAA measurements can be recorded and
the implanted device can be thoroughly inspected before
release, thereby minimizing the need for extensive probe
maneuvering in the left atrium (LA).*"* However, ICE-
guided LAAO may add extra workload on the operator,
who must handle both the procedure and the task of
obtaining images.”'* This can be particularly challenging
for less experienced operators. However, with structured
training, even the least experienced operator can become
more proficient in a relatively short time. Most LAAO
procedures under ICE guidance can be performed through
a single transseptal puncture, although a second transeptal
puncture (TSP) may occasionally be necessary to facilitate
the passage of the ICE catheter into the LA. It remains
controversial whether this method can increase the
incidence of iatrogenic atrial septal defect (iASD). A study
by Ma et al. indicated that 21.4% of patients developed
iASD after 2 months of ICE-guided LAAO, with a 70.6%
closure rate achieved at 12 months. Although the iASD size
was larger than that reported in other guidance methods,
ICE-guided LAAO did not increase the risk of persistent
iASD, pulmonary hypertension, or other complications,
and there were no cases of right-to-left shunt."

2. Baseline characteristics

We conducted a retrospective analysis of 20 consecutive
patients who underwent LAAO at a single center (in New
Jersey) between October 19, 2023, and June 14, 2024.
All patients exhibited elevated CHA2DS2-VASc and
HAS-BLED scores, making them unsuitable for long-
term anticoagulation. The LAAO procedure for the first
seven patients (Group 1) was performed under both TEE
guidance and 3D ICE guidance (the primary operator
was blinded to the measurements obtained on TEE).
The LAAO procedure for the subsequent 13 patients
(Group 2) relied solely upon 3D ICE guidance. The mean
age of patients was 74.6 + 11.1 years, and most of them
(65%) were male. The mean CHA2DS2-VASc score was
4.6 + 1.0, and the mean HAS-BLED score was 4.5 + 0.9
(additional demographic data are provided in Table 1).
Although pre-procedural imaging was not required, some
patients who underwent LAAO procedures under 3D ICE
guidance alone were subjected to pre-procedural imaging
using cardiac computed tomography angiography (CTA)
to evaluate appendage anatomy and rule out the presence
of LAA thrombus. We also employed FEops software
to evaluate appendage anatomy and perform predictive
simulations of the LAAO device in eight of these patients.
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Table 1. Baseline characteristics

Demographics TEEand  3DICE
3D ICE
(n=7) (n=13)
Age (years) 77.4%9.0  73.0+12.1
Sex, n (%)
Male 3(42.9) 10 (76.9)
Female 4(57.1) 3(23.1)
Race, n (%)
White 3(42.9) 7 (53.8)
Black or African American 0(0.0) 5(38.5)
Asian 2(28.6) 1(7.7)
Other 2(28.6) 0(0.0)
Smoking status, 7 (%)
Current 0(0.0) 0(0.0)
Former 4(57.1) 4(30.8)
Never 3 (42.9) 8 (61.5)
Unknown 0(0.0) 1(7.7)
Other risk factors
CHA,DS,-VASc score 5.1+1.1 4.3+0.9
HAS-BLED score 4.7+1.1 4.4+0.9
CHF (%) 2(286)  6(46.2)
Hypertension (%) 6 (85.7) 13 (100)
Diabetes mellitus (%) 3 (42.9) 7 (53.8)
History of stroke/TIA/SE (%) 4(57.1) 5(38.5)
Vascular disease (%) 3 (42.9) 1(7.7)
Abnormal renal function (%) 1(14.3) 5(38.5)
Medication usage predisposing to bleeding (%) 6 (85.7) 9 (69.2)

Alcohol (%) 0(0.0) 1(7.7)

Notes: CHA2DS2-VASc is the tool to estimate the annual risk of
stroke in atrial fibrillation patients and includes CHE, hypertension,
age, diabetes mellitus, history of stroke or TIA, vascular disease

and sex; HAS-BLED is a tool to estimate annual risk of bleeding in
atrial fibrillation patients taking oral anticoagulants and includes
hypertension, abnormal renal/liver function, stroke, bleeding history or
predisposition, labile INR, older age (>65 years) and drugs/alcohol use
concomitantly.

Abbreviations: TEE: Transesophageal echocardiography;

3D ICE: Three-dimensional intracardiac echocardiography;

TIA: Transient ischemic attack; SE: Systemic thromboembolism.

Watchman FLX was used for LAA occlusion in all cases.
Notably, four patients in the 3D ICE Group 2 had no pre-
procedural imaging data available. Table 2 provides a
summary of the minimalistic approach to LAAO, which is
conducted at our center using a 4D Nuvision ICE catheter
(Biosense Webster).

All patients underwent post-procedural echocardiography
either the same day or the following day before discharge.

The patients were scheduled for a follow-up cardiology
appointment at 6 weeks, which included either cardiac
CTA or TEE. For Group 1, the preferred imaging strategy
at the 6-week follow-up was TEE; however, two patients
underwent cardiac CTA. Meanwhile, for Group 2, cardiac
CTA was recommended at follow-up instead of TEE;
however, two patients underwent TEE. Follow-up imaging
was either pending or unavailable for two patients (one
from each group).

2.1. Procedural steps for LAAO under the guidance
of Nuvision 4D ICE probe

2.1.1. Insertion into the RA

a. Obtain USG-guided common femoral vein access
using a micropuncture needle

b. Inserta 12F 30-cm Cook sheath into the inferior vena
cava (IVC), ensuring that the 0.035" wire remains in
place for facilitating “fluro-map” easy navigation into
the RA (Figure 1A)

c.  Advance the ICE probe to the RA by rotating the
entire probe clockwise or counterclockwise, ensuring
that the IVC remains visible on top of the image
throughout the procedure

d. It may be necessary to apply a slight anterior inclination
to the deflection knob to remain in the IVC, especially
if entering from the left side and before entering the RA.
This is performed to prevent entering the hepatic veins
and avoid the Eustachian ridge at the IVC/RA junction

e. Upon reaching the mid-RA (facing the tricuspid valve
[TV]), return to the home view.

2.1.2. ICE views in mid-RA

a. The following structures can be visualized by
performing a gradual clockwise rotation of the probe.
Alternatively, this can be accomplished by gradually
rotating the tip rotation knob

b. Home view with the right atrium (RA), TV, and right
ventricle (RV) in view (Figure 2A)

c. TV, coronary sinus, pulmonic valve, aortic valve

d. Mitral valve (MV), LAA (Figure 2B)

e. Interatrial septum (IAS)

f.  Leftupper and lower pulmonary veins (PVs) (Figure 2C)

g.  Once past the esophagus and descending aorta, the
right upper and lower PVs can be visualized. It may be
necessary to slightly advance the probe to visualize the
upper right PV (Figure 2D)

h. Return to the neutral home view

2.1.3. ICE views in RV

a. Lower the probe into the RA
b. While maintaining the TV in view, apply an anterior
tilt (clockwise rotation of the deflection knob) until
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Table 2. Minimalist approach to the left atrial appendage occlusion procedure using Nuvision 4D ICE catheter

« Perform preoperative cardiac computed tomography angiography (CTA) for anatomical evaluation of the left atrial appendage (LAA) and procedural
planning (using predictive simulation tools such as FEops, if available)

« Perform moderate sedation under local anesthesia

« Perform bilateral common femoral vein access (double puncture performed on the same side, if required)

o Insert a 16F 12-cm Cook sheath from one side (to accommodate a 14F Watchman sheath from Boston Scientific)

« Insert a 12F 30-cm Cook sheath from another side (to accommodate 10F 90-cm Nuvision 4D intracardiac echocardiography [ICE] catheter from
Biosense Webster)

o Advance the ICE catheter to the right atrium (RA) under fluoroscopic and echocardiographic guidance (0.035" wire in the sheath facilitates easy navigation)

Assess the interatrial septum (IAS), pulmonary veins, and LAA for the presence of thrombus (RA and right ventricular outflow tract [RVOT] views)

« Perform transseptal puncture (TSP) under ICE guidance (select the view in which the tenting is directed toward the left-sided pulmonary veins
and LAA ostium (usually mid-to-inferior or mid-to-posterior for most anatomical variants). Biplane imaging is useful for precisely localizing TSP.
Radiofrequency systems such as VersaCross Connect with RF pigtail wire (Baylis Medical) are useful for performing precise punctures

« Floss the septal puncture site using the 14F Watchman FLX sheath, and pull it back into the inferior vena cava

« Advance the ICE probe into the left atrium (LA) and further advance the Watchman FLX sheath next to it (this may be accomplished using balloon
septostomy in few cases; 8-mm Mustang is sufficient)

« Evaluate the LAA using ICE from mid-LA, near LSUPV, and just above the mitral valve. Supra mitral view is helpful in most cases

« Engage the LAA with the pigtail catheter and perform LAA angiography

« Position the ICE probe directed at the LAA in one view, preferably in a supramitral view (analogous to a 135° TEE view)

« Deploy the Watchman FLX under ICE/fluoroscopic imaging guidance. Performing 3D MPR during device deployment is useful

o Assess for compression and leak using 3D MPR views on ICE

« Release the device once the Position, Anchoring, Sizing, Sealing criteria are met

« Remove the Watchman FLX sheath

« Pull back the ICE probe into the RA, evaluate the IAS, exclude pericardial effusion, and remove the probe. Employ the right ventricle view, if
required, to check for pericardial effusion

« Administer protamine for reversal, if needed. Achieve hemostasis on both sides using previously placed Perclose or figure-of-8 sutures

« Perform limited echocardiography before same-day discharge

« Conduct follow-up between 6 weeks and 3 months using cardiac CTA (or TEE if GFR <30)

only the lower part of the TV is visible. Subsequently, the operator. Apply a clockwise rotation of the tip
advance the probe gradually into the RV (Figure 3A). rotation knob until the LSPV is visible and then apply
After passing the TV in the RV, gradually release the an anterior tilt (clockwise rotation of the deflection
anterior tilt to the neutral position. This will introduce knob) to bring the IAS in view
the probe into the right ventricular outflow tract c.  Perform TSP in the desired location. Choose the view
c. Using the tip rotation knob, perform a gradual where the tenting is directed toward the left-sided
clockwise rotation PV and LAA ostium. Typically, this is situated mid-
d. Left ventricle (LV) long axis (used to check for to-inferior and mid-to-posterior for most anatomical
pericardial effusion), short axis of papillary muscle/ variants (Figure 4B). Biplane imaging facilitates
LV, and MV (Figure 3B) precise localization of TSP. This will enable the LAAO
e. Rotate the tip rotation knob until the LAA appears device to engage the LAA more co-axially (Figure 4C).

in view. This is also known as a Q-tip view, which

demonstrates the separation of LAA and Left superior 2.1.5. Crossing into the LA

pulmonary vein (LSPV) (Figure 3C) a. Once the pre-shaped rigid wire is placed in the LA

f.  PVscan also be visualized through this view or LSPV, it is recommended to first floss the septal
Withdraw the probe into the RA once LAA is cleared puncture site with a 14F Watchman sheath and
of any existing thrombus. withdraw the sheath into the IVC

b. Gradually retract the ICE probe lower, remove any

2.1.4. Use of ICE for TSP tilt, and rotate the entire probe in either direction as

a. Rotate the entire probe clockwise wuntil the necessary to locate the transeptal wire. Apply anterior
IAS is visualized and then apply posterior tilt tilt (clockwise rotation of the deflection knob) and
(counterclockwise rotation of the deflection knob). advance while maintaining the wire in view below the
The IAS should be visible in the long axis (analogous puncture site. Utilize both ICE and fluoroscopy (align
to the bicaval TEE view). The X-plane will provide the ICE catheter and transeptal wire on fluoroscopy)
corresponding short-axis view (Figure 4A) to facilitate the passage into the LA (Figure 1C). In

b. If the IAS is not visible, reset the probe and then the event of resistance, discontinue the procedure,
rotate the entire probe until the neutral index is facing withdraw the ICE catheter, and start again
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Figure 1. Fluoroscopy views. (A) ] Wire in the RA provides a “road map” for facilitating ICE advancement through the iliac veins and inferior vena cava
under ICE guidance. (B) Interatrial septostomy may be needed for difficult ICE catheter crossing across the IAS. (C) Flossing the puncture site with the
Watchman FLX sheath first and proper alignment of the ICE catheter with the transeptal wire are important steps to facilitate easier passage of the ICE
catheter across the IAS. (D) Position of ICE catheter on fluoroscopy for left superior pulmonary vein view of the LAA. (E) Position of ICE catheter on
fluoroscopy for supramitral view of the LAA.

Abbreviations: RA: Right atrium; ICE: Intracardiac echocardiography; IAS: Interatrial septum; LAA: Left atrial appendage.

Figure 2. ICE views from RA. (A) Home view, (B) Left atrial appendage, (C) Left-sided pulmonary veins, (D) Right-sided pulmonary veins.
Abbreviations: RA: Right atrium; TV: Tricuspid valve; RV: Right ventricle; MV: Mitral valve; LAA: Left atrial appendage; IAS: Interatrial septum;
LPV: Left-sided pulmonary veins; RPV: Right-sided pulmonary veins; ICE: Intracardiac echocardiography.

c. If necessary, balloon septostomy with an 8-10-mm 2.1.6. ICE views in LA
Mustang balloon may be employed to slightly a.  Once the probe reaches the LA, three views can be
expand the puncture site during the septal crossing used. However, due to 3D MPR capability, the entire
(Figure 1B). procedure can also be performed in a single view.
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Figure 3. ICE views from RV. (A) Anterior tilt until only the lower portion of the tricuspid valve is visible and slow advancement to enter RV. Upon
reaching RV, all tilt is released to rest the probe in the RVOT. (B) LV long axis views to check for pericardial effusion. (C) Q-tip view of the left atrial
appendage to rule out thrombi.

Abbreviations: MV: Mitral valve; LV: Left ventricle; LSPV: Left superior pulmonary vein; LAA: Left atrial appendage; RV: Right ventricle, RVOT: Right
ventricular outflow tract; ICE: Intracardiac echocardiography.

Figure 4. Clockwise rotation of the probe in the right atrium with posterior tilt demonstrates the use of IAS for transeptal puncture. (A) The X-plane across
the IAS depicts the superior, inferior, anterior, and posterior aspects of the IAS for precise transeptal puncture. (B) Tenting in the IAS is directed toward the
left atrial appendage, which enables more co-axial alignment for easier device placement. (C) The pigtail catheter is easily advanced toward the left atrial
appendage due to the co-axial transeptal puncture aided through ICE.

Abbreviations: AV: Aortic valve; IAS: Interatrial septum; LPV: Left-sided pulmonary veins; ICE: Intracardiac echocardiography.

A slight adjustment to the probe’s rotation, tilt, and
tip rotation will aid in the visualization of the different
lobes of LAA

LA home view and AV view: Advance the probe
to mid-LA and apply a slight posterior tilt
(counterclockwise on the deflection knob), if needed,
tobring the LAA into the home view (Figure 5A). From
this view, rotate the entire probe counterclockwise
until the short axis of AV is visible and then advance
until LAA comes into view. This is analogous to the
45° TEE view (Figure 5D)

Left superior pulmonary view: Advance the probe
through the LSPV ostium, if needed, to obtain a
comprehensive view of the LAA (Figure 5B). This
is comparable to the 0° TEE view. Once the LAA is
engaged using the pigtail catheter, fluoroscopy can also
be used to visualize the ICE probe position relative to
the LAA (Figure 1D)

Supramitral or PA view: This offers the best view of
the LAA in most cases and is similar to the 135° TEE
view. To attain this view, withdraw the ICE probe from
mid-LA while facing the LAA, ensuring that the MV
is visible. Then, apply a gradual but sharp anterior tilt

(clockwise rotation of the deflection knob) along with
gradual advancement of the probe until it is positioned
above the MV. Subsequently, the LAA will be clearly
visible by slowly rotating the tip rotation knob in a
clockwise direction (Figure 5C). The ICE probe will be
visible in a horizontal position below the LAA in AP
view on fluoroscopy, with the probe pointing upward
(Figure 1E). Gentle clockwise and counterclockwise
rotation of the probe may help identify different lobes.
To retrieve the probe in the mid-LA region, withdraw
it gradually while simultaneously releasing all the
anterior tilt and tip rotation.

2.1.7. Data collection specific for LAAO procedure

a.

Using 3D MPR, the en-face 3D view of the LAA ostium
can be visualized. The ostium can be measured in 3D
for device sizing. All landing zone measurements can
be acquired in MPR views (Figure 6A)

b. The LAAO device can be deployed while remaining in

the same view, which is typically the supramitral view.
Utilize MPR to evaluate device position, compression,
stability, and leakage (Figures 6B, 7A and B). Repeat
these steps after the release of device to assess for
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position, compression, and leakage. It is crucial to
conduct a careful 360° evaluation to assess for the
peri-device leak (PDL), which can be readily achieved
using the 4D ICE probe.

2.1.8. ICE views from RA

a. Once the LAAO device is released and the final
assessment is completed, withdraw the probe into the
RA to evaluate the IAS at the TSP site for iatrogenic
ASD evaluation (size and shunt)

Figure 5. ICE views in LA. (A) Left atrial “home view” (B) Left
superior pulmonary vein view, which is analogous to the 0° TEE view.
(C) Supramitral view, which is similar to the 135° TEE view. (D) Aortic
valve view, which is comparable to the 45° TEE view.

Abbreviations: LAA: Left atrial appendage; AV: Aortic valve;
ICE: Intracardiac echocardiography; LA: Left atrium, TEE: Transesophageal
echocardiography.

b. To check for pericardial effusion, use the RA home
view at a lower magnification. Multiplane imaging is
preferred. If there is any concern, RV ICE views can be
used to evaluate the pericardial space beyond the LV
and RV.

2.1.9. Access site care

a. 'The ICE probe is then removed along with the sheath
b. Hemostasis is achieved with vascular closure device
like Perclose, figure of 8 stitch or manual compression.

2.2. Procedural outcomes

Both groups achieved a technical success rate of 100%,
which is defined as successful device deployment without
embolization and a PDL of <3 mm. No devices were
recaptured in Group 2 (all procedures were accomplished
using one device and in one attempt), whereas device
recapture was necessary for one case in Group 1; however,
it did not alter the final size of the Watchman FLX
deployed. In Group 1, the average duration of the entire
procedure was 102.0 + 37.7 min, whereas in Group 2, it
was 89.0 + 11.4 min (Table 3). The average duration from
ICE insertion to septal crossing was 16 min, and the
average duration from septal crossing to LAAO device
deployment was 30 min in Group 2. The fluoroscopy
duration improved in Group 2 (24.9 min) compared with
that in Group 1 (28.4 min). One patient in each group
underwent pre-planned patent foramen ovale (PFO)
closure during the LAAO procedure to diminish the
overall risk of embolic stroke. The total procedure time
reflects the additional time it took to perform PFO closure
as well. None of the patients in either group required iASD
closure.

The most frequent device size implemented under
3D ICE guidance was 27 mm; no resizing was required.

! = -

Figure 6. Nuvision 4D ICE used for LAAO with Watchman FLX device. (A) Three-dimensional multiplanar reconstruction of the left atrial appendage
using an ICE catheter enables detailed evaluation of its anatomy for device sizing (watchman FLX in this case). (B) Device deployment and assessment for
compression and leak. This can be achieved using an ICE catheter positioned in any one view (preferably the supramitral view) and can eliminate the need
for multiple manipulations of the catheter in the left atrium.

Abbreviations: ICE: Intracardiac echocardiography, LAAO: Left atrial appendage occlusion.
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Tug test of amulet disc

Figure 7. Nuvision 4D ICE was employed for Amulet LAAO. (A) Gentle tug test of the Amulet disc to assess its stability. (B) 3D MPR views to check for

position, compression, and leak.

Abbreviations: ICE: Intracardiac echocardiography, LAAO: Left atrial appendage occlusion.

Table 3. Procedural duration

Table 4. Procedural outcome

Duration (min) TEE and ICE ICE

Procedural outcomes TEE and ICE ICE

(n=7) (n=13) (n=7) (%) (n=13) (%)
Patient in room to patient out 144 125 Technical success 100 100
Skin to skin 102 89 Periprocedural complications 0 0
ICE in to ICE out 65 63 Procedures with device resizing 0 0
TEE in to TEE out 82 N/A Average number of devices used 1 1
ICE insertion to septal crossing 20 16 General anesthesia 100 15
Septal crossing to device deployment 34 30 Moderate sedation 0 70
Fluoroscopy duration 28.4 249 Monitored anesthetic care w/o intubation 0 15
Abbreviations: TEE, transesophageal echocardiography; Average length of stay 1 (days) 0.5 (days)
ICE: Intracardiac echocardiography. Follow-up (6 weeks)
. . . . Peri-device leak 0 0
In Group 1, all patients received general anesthesia with _
k . . Device-related thrombus 0 0
mechanical ventilation. In Group 2, 70% of the patients
MACCE events 0 0

received moderate sedation, 15% received monitored
anesthetic care without intubation, and 15% received
general anesthesia and mechanical ventilation based on
patient preference/body habitus. Following the procedure,
all patients received dual antiplatelet therapy for 3 months,
and they were subsequently prescribed low-dose aspirin
alone. In Group 1, the average post-procedural length
of stay (excluding LOS due to other medical issues) was
1.0 day, whereas that in Group 2 was 0.5 day. In either
group, no PDL or device-related thrombus was detected
at the 6-week follow-up. Both groups experienced no
major adverse cardiac or cerebrovascular events after the
procedure. In addition, there were no local or systemic
bleeding complications (Table 4).

3. Discussion

The LAAO procedure is a feasible alternative to
anticoagulant therapy for stroke prevention in patients with
atrial fibrillation who cannot tolerate anticoagulation.'!”
Most centers employ general anesthesia with mechanical

Abbreviations: TEE: Transesophageal echocardiography;
ICE: Intracardiac echocardiography.

ventilation and TEE for LAAO. ICE guidance, primarily
2D and occasionally 3D is employed in a limited number
of cases.'™” This single-center observational study
demonstrated that the minimalist approach of 3D ICE
guidance for LAAO procedure with moderate sedation
and same-day discharge was both feasible and comparable
to TEE in all patients. However, our sample size was
insufficient to derive any definitive conclusions. A more
extensive study with longer longitudinal follow-up is
warranted to verify these findings. High success rates
can be achieved using 3D ICE-guided LAAO with no
significant adverse events.”*!* In addition, pre-procedural
cardiac CTA and routine use of predictive Al-based
simulation tools such as FEops can aid in simplifying the
planning of the procedure.” If feasible, patients may prefer
to undergo follow-up using CTA rather than TEE, which
can prevent the need for additional invasive procedures.

Volume 2 Issue 4 (2024)

doi: 10.36922/bh.4018


https://dx.doi.org/10.36922/bh.4018

Brain & Heart

Step by step 3D ICE guided LAA occlusion

The elevated radiation exposure and potential impact on
kidney function must be considered and discussed with
the patients.

The technical aspects of 3D ICE can be mastered
through structured learning. Due to its distinctive
characteristics compared with other echocardiographic
techniques, specialized education is necessary for
training in ICE catheter manipulation, image acquisition,
and interpretation. Key elements of training include
understanding  ultrasound  physics, individualized
instruction for structural heart interventions, and hands-on
practice using advanced equipment in a controlled animal
model.*® Operators should gain procedural experience under
expert supervision at high-volume centers and be equipped
to diagnose and manage complications.”’ The absence of
precise data regarding the number of procedures required
for ICE competency presents a challenge, especially with
continuous development of imaging technology. To ensure
proficiency and minimize complications, a consensus on
the minimum number of ICE-guided procedures feasible
at low-volume sites must be reached. The 2019 guidelines
from the American College of Cardiology, American Heart
Association, and American Society of Echocardiography
recommend a minimum of 10 cases to achieve level III
structural heart echocardiography competency.” New
users may wish to perform their initial cases of 3D ICE with
TEE as a backup imaging technique. This will help enhance
operator experience and the confidence of the cardiac team
in this technology. Eventually, 3D ICE may become the
preferred imaging modality for all users and will become
key to a minimalist approach to LAAO interventions.

4, Conclusion

TEE has been the primary method for guiding LAAO
procedures and is the most widely used imaging modality.
However, it has significant disadvantages, such as the
need for sedation or general anesthesia for esophageal
intubation, an elevated risk of esophageal injury, and
reliance on a specialized echocardiography operator.”*' A
single-center observational study demonstrated that using
a minimalist approach with 3D ICE guidance for LAAO
procedures under moderate sedation was both feasible and
comparable to TEE in all patients. Utilizing 3D ICE can
enhance the safety and efficacy of procedures, reduce costs,
and increase patient satisfaction.>?

Acknowledgments

None.

Funding

None.

Conflict of interest

The authors declare they have no competing interests.

Author contributions

Conceptualization: Ashok Chaudhary
Writing — original draft: All authors
Writing - review & editing: All authors

Ethics and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

References

1. Zhang L, Xie Y, Ren Z, Xie M. Transesophageal
echocardiography related complications. Front Cardiovasc
Med. 2024;11:1410594.

doi: 10.3389/fcvm.2024.1410594

2. Patel KM, Desai RG, Trivedi K, Neuburger PJ, Krishnan §,
Potestio CP.  Complications  of  transesophageal
echocardiography: A review of injuries, risk factors,
and management. ] Cardiothorac Vasc Anesth. 2022;
36(8):3292-3302.

doi: 10.1053/j.jvca.2022.02.015
3. Diaz JC, Duque M, Marin J, et al. Intracardiac

echocardiography-guided left atrial appendage occlusion.
Arrhythm Electrophysiol Rev. 2024;13:¢03.

doi: 10.15420/aer.2023.29

4. Ramesh T, Budhiraja M, Mehta V, Rajsheker S, Arif I,
Sukhija R. Tct-698 intracardiac echocardiography versus
transesophageal echocardiography for procedural guidance
in patients undergoing left atrial appendage occlusion:
A single-center retrospective review. ] Am Coll Cardiol.
2023;82(17):B280-B281.

doi: 10.1016/j.jacc.2023.09.709

5. Reddy VY, Doshi SK, Kar S, et al. 5-year outcomes
after left atrial appendage closure. ] Am Coll Cardiol.
2017;70(24):2964-2975.

doi: 10.1016/j.jacc.2017.10.021

6. Jhand A, Goldsweig AM. The emerging role of intracardiac
echocardiography (ICE) in left atrial appendage closure
(LAAC). Curr Cardiol Rep. 2023;25(10):1223-1232.

doi: 10.1007/s11886-023-01940-4

7.  Nielsen-Kudsk J, Berti S, Caprioglio F, et al. Intracardiac

Volume 2 Issue 4 (2024)

doi: 10.36922/bh.4018


https://dx.doi.org/10.36922/bh.4018
http://dx.doi.org/10.3389/fcvm.2024.1410594
http://dx.doi.org/10.1053/j.jvca.2022.02.015
http://dx.doi.org/10.15420/aer.2023.29
http://dx.doi.org/10.1016/j.jacc.2023.09.709
http://dx.doi.org/10.1016/j.jacc.2017.10.021
http://dx.doi.org/10.1007/s11886-023-01940-4

Brain & Heart

Step by step 3D ICE guided LAA occlusion

10.

11.

12.

13.

14.

echocardiography to guide watchman FLX implantation:
The ICE LAA study. JACC Cardiovasc Interv. 2023;
16(6):643-651.

doi: 10.1016/j.jcin.2022.10.024

Diaz J, Bastidas O, Duque M, et al. Impact of intracardiac
echocardiography versus transesophageal echocardiography
guidance on left atrial appendage occlusion procedures: A
meta-analysis. ] Cardiovasc Electrophysiol. 2023;35(1):44-57.

doi: 10.1111/jce.16118

Goldsweig AM, Alkhouli M. Let it go: Intracardiac
echocardiography is the future of imaging for left atrial
appendage occlusion. J Soc Cardiovasc Angiogr Interv.
2022;1(6):100518.

doi: 10.1016/j.jscai.2022.100518

Gianni C, Horton RP, Della Rocca DG, et al.
Intracardiac echocardiography- versus transesophageal
echocardiography-guided left atrial appendage occlusion
with watchman FLX. ] Cardiovasc Electrophysiol.
2021;32(10):2781-2784.

doi: 10.1111/jce.15220

Hemam ME, Kuroki K, Schurmann PA, et al. Left atrial
appendage closure with the watchman device using
intracardiac  vs  transesophageal  echocardiography:
Procedural and cost considerations. Heart Rhythm.
2019b;16(3):334-342.

doi: 10.1016/j.hrthm.2018.12.013

Stout K, Craig C, Rivington J, Lyden E, Payne JJ,
Goldsweig AM. Clinical protocol for selecting intracardiac
or transesophageal echocardiography-guided left atrial
appendage occlusion. Am ] Cardiol. 2024;222:87-94.

doi: 10.1016/j.amjcard.2024.04.023

Della Rocca DG, Magnocavallo M, Gianni C, et al. Three-
dimensional intracardiac echocardiography for left atrial
appendage sizing and percutaneous occlusion guidance.
Europace. 2023;26(1):euae010.

doi: 10.1093/europace/euae010

Ferro EG, Alkhouli M, Nair DG, et al. Intracardiac vs
transesophageal echocardiography for left atrial appendage
occlusion with watchman FLX in the U.S. JACC Clin
Electrophysiol. 2023;9(12):2587-2599.

15.

16.

17.

18.

19.

20.

21.

22.

doi: 10.1016/j.jacep.2023.08.004

Ma Y, Guo L, Li ], et al. Iatrogenic atrial septal defect after
intracardiac echocardiography-guided left atrial appendage
closure: Incidence, size, and clinical outcomes. J Clin Med.
2022;12(1):160.

doi: 10.3390/jcm12010160

Betts T, Grygier M, Erik Nielsen-Kudsk J, et al. B-po01-078
real-world clinical outcomes with a next-generation left atrial
appendage closure device: First report from the flexibility
post-approval study. Heart Rhythm. 2021;18(8):S82.

doi: 10.1016/j.hrthm.2021.06.255

Messele L, Khan M, Darden D, et al. Outcomes of
percutaneous left atrial appendage occlusion device
implantation in atrial fibrillation patients based on
underlying stroke risk. Europace. 2023;25(4):1415-1422.

doi: 10.1093/europace/euad049

Pastormerlo LE, Tondo C, Fassini G, et al. Intra-cardiac
versus transesophageal echocardiographic guidance for left
atrial appendage occlusion with a watchman FLX device.
J Clin Med. 2023;12(20):6658.

doi: 10.3390/jcm12206658

De Backer O, Iriart X, Kefer J, et al. Impact of computational
modeling on transcatheter left atrial appendage closure
efficiency and outcomes. JACC Cardiovasc Interv.
2023;16(6):655-666.

doi: 10.1016/j.jcin.2023.01.008

Tang GHL, Zaid S, Hahn RT, et al. Structural heart imaging
using 3-dimensional intracardiac echocardiography. JACC
Cardiovasc Imaging. 2024.

doi: 10.1016/j.jcmg.2024.05.012

Zhang ZY, Li F, Zhang ], et al. A comparable efficacy
and safety between intracardiac echocardiography and
transesophageal  echocardiography for percutaneous
left atrial appendage occlusion. Front Cardiovasc Med.
2023;10:119771.

Grazina A, Fiarresga A, Ramos R, et al. Intracardiac
echocardiography-guided left atrial appendage
occlusion: The path to independence. Rev Port Cardiol.
2023;42(10):847-855.

doi: 10.1016/j.repc.2023.01.028

Volume 2 Issue 4 (2024)

10

doi: 10.36922/bh.4018


https://dx.doi.org/10.36922/bh.4018
http://dx.doi.org/10.1016/j.jcin.2022.10.024
http://dx.doi.org/10.1111/jce.16118
http://dx.doi.org/10.1016/j.jscai.2022.100518
http://dx.doi.org/10.1111/jce.15220
http://dx.doi.org/10.1016/j.hrthm.2018.12.013
http://dx.doi.org/10.1016/j.amjcard.2024.04.023
http://dx.doi.org/10.1093/europace/euae010
http://dx.doi.org/10.1016/j.jacep.2023.08.004
http://dx.doi.org/10.3390/jcm12010160
http://dx.doi.org/10.1016/j.hrthm.2021.06.255
http://dx.doi.org/10.1093/europace/euad049
http://dx.doi.org/10.3390/jcm12206658
http://dx.doi.org/10.1016/j.jcin.2023.01.008
http://dx.doi.org/10.1016/j.jcmg.2024.05.012
http://dx.doi.org/10.1016/j.repc.2023.01.028

ACCSCIENCE
PUBLISHING

Brain & Heart

*Corresponding author:
Manjeet Kumar Goyal
(manjeetgoyal@gmail.com)

Citation: Goyal MK, Kalra S, Rao A,

Khubber M, Gupta A, Vuthaluru
AR. Beyond the gut: Exploring
neurological manifestations in
inflammatory bowel disease.
Brain & Heart. 2024;2(4):3486.
doi: 10.36922/bh.3486

Received: April 24, 2024
Accepted: September 27, 2024

Published Online: October 30,
2024

Copyright: © 2024 Author(s).
This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

REVIEW ARTICLE
Beyond the gut: Exploring neurological
manifestations in inflammatory bowel disease

Manjeet Kumar Goyal'*(?, Shivam Kalra?(”, Abhinav Rao*"”,
Manisha Khubber3(®, Abhinav Gupta3?, and Ashita Rukmini Vuthaluru*

'Department of Gastroenterology, All India Institute of Medical Sciences, New Delhi, India

2Department of Internal Medicine, Trident Medical Center, North Charleston, South Carolina, United
States of America

3Department of Gastroenterology, Dayanand Medical College and Hospital, Ludhiana, Punjab, India

“Department of Anesthesia and Critical Care, All India Institute of Medical Sciences, New Delhi,
India

Abstract

Neurological manifestations in inflammatory bowel diseases (IBD), such as Crohn’s
diseaseandulcerative colitis, are increasingly recognized as significant contributors
to both disease burden and patient morbidity. This comprehensive review delves
into the spectrum of neurological complications linked with IBD, highlighting the
involvement of both the central and peripheral nervous systems. The neurological
impairments range from more common conditions such as peripheral neuropathy,
characterized by nerve damage leading to painand numbness, and cerebrovascular
diseases, which include strokes and transient ischemic attacks, to less frequent
but intensely severe conditions such as multiple sclerosis and myasthenia gravis,
which involve the immune system attacking components of the nervous system.
The complex pathophysiology underlying these manifestations integrates various
factors including immune-mediated responses, vascular abnormalities such as
thromboembolism, nutritional deficiencies often exacerbated by malabsorption
and chronic inflammation, and the adverse effects elicited by IBD medications
such as corticosteroids and immunomodulators. This review underscores the
importance of adopting a multidisciplinary management approach. By integrating
the expertise of gastroenterologists with that of neurologists, rheumatologists,
and other specialists, patient outcomes can be significantly optimized. Further
emphasis is placed on the necessity for heightened clinical awareness and the
implementation of early diagnostic interventions to effectively identify and
mitigate the neurological complications associated with IBD. In conclusion,
ongoing research aimed at elucidating the underlying mechanisms that connect
IBD with neurological disorders is imperative to facilitate the development of
more effective preventative and therapeutic strategies for these challenging
complications.

Keywords: Inflammatory bowel disease; Crohn’s disease; Ulcerative colitis; Neurological
complications; Immune-mediated mechanisms; Vascular abnormalities; Nutritional
deficiencies; Medication adverse effects
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1. Introduction

Inflammatory bowel diseases (IBD), such as primarily
comprising Crohn’s disease (CD) and ulcerative colitis (UC),
are chronic inflammatory conditions of the gastrointestinal
(GI) tract characterized by an inappropriate immune
response to intestinal flora.! IBD is known to affect about
1.6 million Americans, with approximately 70,000 new
cases diagnosed each year. While the intestinal symptoms of
IBD are well-documented, the neurological manifestations
are less commonly discussed but are increasingly
recognized as significant factors contributing to the overall
disease burden. These neurological complications involve
both the central nervous system (CNS) and the peripheral
nervous system (PNS), presenting a wide range of clinical
challenges that may be directly or indirectly related to the
underlying inflammatory processes of IBD.

The prevalence of neurological manifestations in IBD
is reported to be higher than previously estimated, with
recent studies suggesting a range from 0.25% to 47.5%
of patients experiencing some form of neurological
complications.” This wide range likely reflects variations
in study populations, methodologies, and definitions
of neurological involvement. The manifestations can
be broadly categorized into cerebrovascular diseases,
peripheral neuropathies, muscle diseases, and other less
common conditions such as multiple sclerosis (MS) and
myasthenia gravis (MG).

Cerebrovascular complications are among the
most serious neurological manifestations associated
with IBD. Patients with IBD are at an increased risk of
thromboembolic events, including stroke, particularly
during periods of active disease. Peripheral neuropathies
represent another common neurological issue in IBD,
with a variety of presentations ranging from sensorimotor
polyneuropathy to mononeuritis multiplex and autonomic
neuropathy. The pathophysiology behind these conditions
is complex, involving a combination of immune-mediated
damage, nutritional deficiencies, and possibly neurotoxic
effects triggered by medications commonly used in IBD
treatment, such as metronidazole.?

The management of neurological manifestations in
IBD requires a multidisciplinary approach, involving
gastroenterologists, neurologists, and other specialists. The
goals of management include controlling the underlying
IBD activity, treating specific neurological symptoms, and
adjusting IBD therapies to minimize adverse effects on the
nervous system. This comprehensive approach is essential
for improving patient outcomes and quality of life.

Therefore, neurological manifestations in IBD
represent a critical aspect of the disease that requires

further attention and research. Understanding the full
spectrum of these manifestations, their pathophysiology,
and effective management strategies is essential for
improving patient outcomes and quality of life. This review
will explore the spectrum of neurological manifestations
associated with IBD, delving into their epidemiology,
pathophysiology, clinical presentations, and management
challenges.

1.1. Epidemiology

The epidemiology of neurological manifestations in IBD
is varied, with reported incidences ranging from 0.25%
to 47.5%.% This wide range likely reflects differences in
study designs, populations, and diagnostic criteria. Lossos
et al.* reported neurological involvement in 3% of 638 IBD
patients, whereas in 26% of cases, this complication arose
up to 10 years before the onset of intestinal symptoms, and
in all other patients, it emerged up to 12 years after the
onset of IBD. This complication was associated with IBD
exacerbation in only 10% of cases, and 53% of these patients
also presented with other extraintestinal manifestations
and complications.! In another study, 67% of patients with
CD and 53% of patients with UC had neurologic disorders.”
Elsehety and Bertorini® reported a 33.2% incidence of
neurological and neuropsychiatric manifestations in
253 patients with pathologically confirmed CD. Two
prospective studies found the prevalence of peripheral
neuropathy to be 13.4% and 8.8%.”* Asymptomatic
focal brain white matter lesions were also found in the
neuroimaging studies using magnetic resonance imaging
(MRI) in IBD patients compared to healthy people (43.1%
vs. 16.0%; relative risk 2.6, 95% confidence interval 1.3
- 5.3).° A recent small study utilizing diffusion tensor
imaging and voxel-based morphometry found that IBD
patients also present with gray matter atrophy.'® There has
been a surge in the interest for neurological complications
after the introduction of anti-tumor necrosis factor alpha
(TNFo) and anti-o4 integrin therapy to clinical practice.
Although relatively rare, these complications could be
severe and include cerebrovascular, peripheral, and
central demyelinating events, and progressive multifocal
leukoencephalopathy (PML).! Neurological complications
are considered relatively rare but are significant due to
their potential impact on morbidity and quality of life. For
instance, peripheral neuropathy is one of the more common
neurological complications, while more severe conditions
such as cerebrovascular diseases and CNS infections are
less frequent but can be life-threatening. Moreover, the
presence of neurological signs may exacerbate during the
flare or evolve independently from intestinal manifestation
without responding to the treatment for the underlying
disease.
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2, Pathophysiology

The pathogenesis of neurologic disorders associated with
IBD has not been fully delineated, but several mechanisms
are known to potentially influence their pathogenesis.
The most common mechanisms include immunologic
abnormalities prothrombotic states, malabsorption and
nutritional deficiencies, metabolic agents, iatrogenic
complications of medical and surgical treatment of IBD, as
well as the brain-gut axis interactions (Figure 1).

2.1. Immune-mediated mechanisms

Many neurological complications in IBD are believed to
be immune-mediated. This includes the production of
autoantibodies, cytokine-mediated inflammation, and
immune complex deposition. These mechanisms can lead to
conditions such as peripheral neuropathy, MG, and MS. The
inflammatory milieu in IBD, characterized by elevated levels
of TNFa, interleukin (IL)-6, and other pro-inflammatory
cytokines, can disrupt normal immune function and
promote autoimmunity that targets neural tissues."

2.2.Vascular abnormalities

PatientswithIBD areatanincreased risk ofthromboembolic
events, including stroke, particularly during disease flares.
This risk is compounded by the hypercoagulable state
associated with chronic inflammation, which can lead to
abnormalities in coagulation pathways and endothelial
dysfunction. In addition, vasculitis, although extremely
rare in IBD, can contribute to neurological symptoms by
affecting blood vessels in the CNS and PNS.?

Brain-Gut Axis
interaction

Nutritional
deficiencies due
to
Malabsorption

latrogenic
complications due
to Medications

Metabolic Prothrombotic
agents state

Immunological
abnormalities

Figure 1. Pathophysiology of neurological manifestations of inflammatory
bowel disease. (Image credit: Ashita Rukmini Vuthaluru)

2.3. Nutritional deficiencies

Malabsorption, common in IBD, can lead to deficiencies
of essential vitamins such as B12, Vitamin E, and folate,
which are crucial for nerve function and integrity.
Deficiencies in these nutrients can cause or exacerbate
conditions such as peripheral neuropathy and cognitive
impairments.'

2.4. Side effects of medications

The treatment of IBD often involves the use of medications
that can have neurological side effects. For example,
metronidazole, commonly used to treat IBD, can cause
peripheral neuropathy. Similarly, corticosteroids and
immunosuppressants can increase susceptibility to
infections, including those affecting the CNS. Anti-TNFo
therapy, while effective for managing IBD, is contraindicated
in patients with demyelinating diseases such as MS due to
the risk of exacerbating neurological symptoms."*

3. Neurological manifestations
3.1. Peripheral neuropathy

Peripheral neuropathy is one of the most common
neurological involvements in both CD and UC and
occurs at a higher incidence in individuals with IBD
compared to the general population.’ Several types of
polyneuropathy have been identified in IBD patients,
involving demyelination or axonal damage, including
autonomic neuropathy, sensory polyneuropathy, acute
and chronic inflammatory demyelinating polyneuropathy
(CIDP), mononeuropathy, multifocal neuropathy, cranial
neuropathy, and plexopathy."* The frequency of these
conditions remains undetermined, ranging between 0.25%
and 35.7% across various studies.”” A study conducted in
Greece observed neurological abnormalities in two out of
45 IBD patients; one with a history of acute motor sensory
polyneuropathy complicated by UC and another with mild
incidental carpal tunnel syndrome."

The underlying pathophysiology of neuropathy in IBD
patients remains unclear, potentially due to immunological
anomalies, drug exposure, or nutritional deficiencies.
Nemati et al.'® reported a clinical response in a CD patient
treated with intravenous immunoglobulin at a dose of
2 g/kg administered twice daily, which aligns with the
immune-based theory. Notably, two pathogenic hallmarks
of IBD - intestinal dysbiosis and loss of mucosal integrity —
in the GI tract have also been implicated in the neuropathy."”

Studies on microbial-induced neurological disorders
in IBD remain relatively limited. Didesch et al.'®
reported that a 71-year-old with Clostridioides difficile
infection developed acute demyelinating sensorimotor
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polyneuropathy after undergoing fecal transplantation.
This finding supports the theory of a cross-reaction
of pathogenic anti-gut antibodies with neural surface
antigens and provides evidence regarding the process of
molecular mimicry. The gut-brain axis concept integrates
a diverse range of signals, including neural, endocrine,
nutrient, and immunological signals between the CNS
and the GI system, emphasizing a bidirectional interaction
with multiple mechanisms guiding each direction.'” Other
studies have shown clinical responses to immunotherapy
in IBD patients with both axonal and demyelinating
polyneuropathy, highlighting the involvement of T cells in
the pathogenesis of demyelinating neuropathies, although
the role of the immune system in axonal damage remains
less clear despite being supported by clinical improvements
observed with immunomodulatory therapies.

In Brazil, 33 patients with IBD-related peripheral
neuropathy, including 18 with CD and 15 with UC,
were treated with immunomodulatory therapy. Various
agents such as intravenous immunoglobulin, prednisone,
fludarabine, cyclophosphamide, azathioprine, etanercept,
and plasmapheresis have been used in the management of
peripheral neuropathy.® It has been observed that among
UC patients with peripheral neuropathy, 11% showed major
improvement, 56% moderate improvement, and 33% mild
improvement. Discrepancies in clinical response across
studies may stem from the different immune processes
involved in neuropathy, which could be primarily related
to IBD, secondary to gut microbiota, or coincidental with
autoimmune polyneuropathy.”® CIDP cases have also been
reported, but symptom development during CD treatment
complicates determinations of whether the neuropathy is
primarily dueto CD orasecondaryiatrogenic complication.”

Furthermore, improvement in the neurological
symptoms and abnormal electrophysiologic findings
after surgical removal of the peri-appendiceal abscess
has been reported, which is possibly attributed to the
immunomodulatory properties of the appendix.?

3.2. Cerebrovascular diseases

Extensive research has illuminated a discernible link
between IBD and prothrombotic state, with studies citing
a prevalence of thrombosis ranging from 1% to 39% in
this patient population.”*** Specifically, the incidence of
arterial and venous thrombosis is notably elevated in IBD
cases, as evidenced by both clinical studies and autopsy
findings.”® Schneiderman et al*® have contributed to this
understanding by identifying thrombus formations in
cerebral small vessels during post-mortem examinations of
IBD patients who experienced cerebrovascular incidents.

Further, a constellation of clinical, hematological,

and pathological evidence supports the notion that a
hypercoagulable state in IBD patients markedly increases
their risk of cerebrovascular complications such as strokes.
Notably, deep vein thrombosis and pulmonary embolism
remain prevalent, yet the incidence of cerebral venous
thrombosis (CVT) and ischemic arterial strokes suggests
these complications are likely underreported. CVT, in
particular, poses a severe threat, manifesting as fatal
extraintestinal complications of IBD with high morbidity
and mortality rates. Symptoms such as persistent headaches,
which appear in approximately 90% of CVT cases, along
with increased intracranial pressure leading to neurological
deficits, highlight the acute dangers of this condition.***

In terms of diagnostic practices, MRI and venography
are considered definitive for identifying CVT, by virtue of
their direct visualization of thrombi predominantly in the
sagittaland transverse sinuses.”* The pro-coagulative activity
associated with IBD is further complicated by an array of
factors including impaired fibrinolysis, thrombocytosis,
and endothelial dysfunction. Interestingly, while IBD is
associated with higher thromboembolism rates compared
to other autoimmune disorders, genetic factors such as
factor V Leiden and prothrombin mutations have not been
conclusively linked to these thrombotic manifestations.***°

Moreover, the role of intestinal barrier dysfunction in
promoting a prothrombotic state has garnered attention.
This is illustrated by elevated levels of lipopolysaccharides
(LPS) and the activation of Toll-like receptors in IBD, which
correlate poorly with clinical disease activity but strongly
with intestinal permeability. Such findings offer insights
into the complex interplay between IBD pathophysiology
and thrombotic risk, emphasizing the need for heightened
vigilance and tailored therapeutic strategies in managing
these patients.’*!

Both TLR2 and TLR4 are crucially expressed by
platelets and endothelial cells, with their ligands initiating
procoagulant activities within these cells. The interaction
between TLR2 and its ligands triggers thrombo-
inflammatory responses in platelets through mechanisms
involving phosphoinositide 3-kinase, cyclooxygenase, and
the activation of purinergic receptors P2Y1 and P2Y12,
alongside the release of alpha-granules. Conversely, the
binding of LPS to TLR4 enhances traditional agonist-
induced aggregation of platelets.’>*

Furthermore, the activation of nuclear factor-kB in
endothelial cells by TLR2 and TLR4 signaling plays a pivotal
role in the production of proinflammatory mediators,
which are instrumental in initiating the coagulation
cascade. This process is particularly significant in the
context of atherosclerosis, where activated macrophages
within plaques respond robustly to TLR stimulation,
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releasing inflammatory cytokines that contribute to the
disease’s pathogenesis.**

In terms of clinical management, the treatment of CVT
in patients with IBD is generally administered in adherence
to the standard protocols. Preferred treatments include
low molecular weight heparin, intravenous heparin, and
Vitamin K antagonists. The ongoing debate about the use of
corticosteroids in these patients revolves around their ability
to reduce procoagulant activity by mitigating inflammation.
However, the administration of intravenous steroids has
been associated with an increased risk of thromboembolism,
necessitating careful monitoring of IBD patients with a
significant risk of thrombotic events. Such patients may
require short-term anticoagulant prophylaxis, especially
when treated with high doses of systemic steroids.*

3.3.MG

MG has been observed in association with both UC
and CD, with this relationship seemingly rooted in the
aberrant function of T-lymphocytes and the production
of acetylcholine receptor antibodies due to autoimmune
dysregulation. Furthermore, MG coexists with other
autoimmune conditions such as alopecia, lichen planus,
vitiligo, and systemic lupus erythematosus. Notably,
thymus abnormalities, which are characteristic of MG,
have also been linked with IBD, particularly through
the persistence of thymus function into later age in MG
patients, which correlates with similar phenomena in UC.
Comparative studies of T-cells from MG and UC patients
show a decreased ratio of suppressor (CD8+) to helper
(CD4+) T-cells relative to healthy individuals.”

The immunological connections between MG and IBD
are highlighted through clinical observations, such as the
case reported by Finnie et al.,”” where a female patient
developed both MG and CD, further complicated by
perineal abscesses and fistulas post-total colectomy. The
patients MG, unresponsive to drug therapy, improved
after a thymectomy, which also positively influenced her
CD. Conversely, Gower-Rousseau et al.** documented a
case where UC and MG coexisted, and the MG symptoms
regressed following proctocolectomy.

MG can manifest in either ocular or generalized
forms, displaying symptoms such as paresis, dysphagia,
dysarthria, and fatigue. For instance, Foroozan and
Sambursky* described a 21-year-old male with UC and
other complications, who exhibited MG symptoms such
as binocular diplopia and ptosis, which resolved after
treatments including plasmapheresis and medications
such as azathioprine and prednisone. Similarly, Gondim
et al.* reported on two patients in a Brazilian IBD cohort
who developed severe MG symptoms rapidly post-

colectomy, both of whom responded well to treatment with
pyridostigmine and prednisone.

Although thesimultaneous presence of theseautoimmune
diseases in patients is rare, it is crucial to recognize that
symptoms such as ocular, bulbar, or limb impairments
might be early indicators of MG in IBD patients, especially
following alterations in their immunosuppressive regimen.

3.4. Myositis

The occurrence of polymyositis, dermatomyositis, and
localized forms of myositis in patients with IBD underscores
its systemic nature. These myopathic conditions, though
rare, are significant due to their potential impact on
morbidity and quality of life.

4, Polymyositis and dermatomyositis

Polymyositis and dermatomyositis are autoimmune
diseases characterized by inflammation of the muscles, with
dermatomyositis also involving skin manifestations. The
association between these conditions and IBD, particularly
CD and UG, suggests a shared autoimmune or inflammatory
pathway. Despite that, the exact prevalence is unknown,
probably due to the rarity of these conditions. However,
isolated occurrences of these disorders have been highlighted
in case reports.? The pathophysiological link between IBD
and these myopathies may involve shared immunological
mechanisms. Inflammatory cytokines, which are elevated in
IBD, could potentially trigger or exacerbate the autoimmune
responses seen in polymyositis and dermatomyositis. This
is supported by the observation that these conditions can
flare with intestinal disease and may improve with treatment
of bowel inflammation. Using a large population-based
electronic health database from Israel, a recent retrospective
cohort study analyzed the association between IBD and
polymyositis/dermatomyositis and determined the prevalence
of IBD in those with polymyositis/dermatomyositis by
assessing data from 2085 polymyositis/dermatomyositis
patients and 10,193 matched controls.”” The findings suggest
a statistically significant association between polymyositis/
dermatomyositis and IBD, with an increased prevalence of
IBD in patients with polymyositis/dermatomyositis, even after
adjusting for variables such as age, gender, socioeconomic
status, and BMI. Patients with polymyositis/dermatomyositis
had 1.73-time higher odds of having IBD compared to
controls. Moreover, the presence of antinuclear antibodies
in polymyositis/dermatomyositis patients was identified as a
significant predictor for the development of IBD.

5. Localized forms of myositis in IBD

Localized myositis in IBD presents as inflammation
confined to specific muscle groups, leading to symptoms
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such as focal muscle pain, tenderness, and swelling.
Similar to polymyositis and dermatomyositis, localized
forms of myositis are uncommon in IBD, and specific
prevalence data are lacking. Case reports in the literature
provide some insights but are too few to establish a clear
epidemiological pattern. These reports often describe
patients presenting with muscle pain and swelling that
were initially attributed to more common IBD-related
arthralgia but were later identified as localized myositis
upon further investigation. Hayashi et al.*' reported a case
of a young male presenting with myalgias and weakness,
who was found to have elevated creatinine kinase levels
and localized myositis. A meticulous test and observation
must be conducted to identify these pathological
aberrations. The mechanism likely involves localized
immune responses, possibly mediated by cytokines or
immune complexes that specifically target muscle tissues.
This localized inflammation could be a direct extension of
the systemic immune dysregulation observed in IBD.

The management of myositis in the context of IBD
involves both treating the muscle inflammation and
managing the underlying intestinal disease. Corticosteroids
and immunosuppressants are commonly used to reduce
muscle inflammation, whereas comprehensive IBD
management is crucial to control systemic inflammation.
Early diagnosis and timely intervention, which are critical
to prevent irreversible muscle damage and disability in
IBD patients, can be achieved with regular monitoring
for musculoskeletal symptoms, with the aim of improving
clinical outcomes.

In summary, while polymyositis, dermatomyositis, and
localized myositis are rare in IBD, their impact on patients
can be profound. Understanding their associations,
recognizing the clinical presentations, and implementing a
coordinated management strategy are key to improving the
quality of life for these patients. Further research and more
detailed case reporting are needed to better understand the
epidemiology and pathophysiology of these disorders.

5.1.Epilepsy

Epilepsy, a complex neurological disorder marked by
spontaneous recurrent seizures, is influenced by multiple
factors including genetic predisposition, developmental
issues, and neurological trauma.*? These factors facilitate
synaptic alterations and heightened neuronal excitability,
contributing to epileptogenesis — the process of developing
epilepsy. While the exact cellular and molecular
mechanisms remain somewhat elusive, it is hypothesized
that uncontrolled inflammatory responses, both focal and
systemic, may drive the formation of a hyper-excitable
neuronal network, thus precipitating the onset of epilepsy.*

Systemic inflammatory conditions such as systemic lupus
erythematosus, rheumatoid arthritis, or IBD are believed
to be responsible for the impairment of the blood-brain
barrier, which potentially exacerbates epileptogenesis.
Studies in animal models suggest that intestinal
inflammation can lower seizure thresholds by elevating
levels of inflammatory mediators such as cytokines.***
Furthermore, a link between intestinal dysbiosis and
seizure activity has been established; fecal microbiota
transplantation (FMT) from stressed rats to naive rats was
found to induce pro-epileptic effects, whereas FMT from
naive rats to stressed rats appeared to decrease seizure
incidence.*

Despite these findings, seizures associated with IBD
are generally attributed to metabolic disturbances and
structural issues rather than to IBD itself. Factors such
as dyselectrolytemia, infections, CVT, and medication
toxicity are recognized triggers of epilepsy in IBD patients.
Prevalence studies reveal varying epilepsy rates among
IBD patients, with 1.1 - 5.9% in CD patients and 0.9% in
UC patients.” Studies indicate that EEG abnormalities are
more prevalent among CD patients compared to healthy
controls, with a significant portion exhibiting epileptiform
disturbances, albeit in the absence of infections, organic
anomalies, or medications known to lower seizure

thresholds.*

The treatment of epilepsy in IBD patients adheres to
standard protocols; however, the role of gut microbiota in
neurological disorders is garnering interest, particularly
in refractory epilepsy. Interventions such as the ketogenic
diet, probiotics, prebiotics, antibiotics, and even FMT are
being explored as potential strategies for managing drug-
resistant epilepsy.** Concurrently, vagus nerve stimulation,
already a therapeutic option for epilepsy, shows promise in
IBD treatment, as shown in animal studies and preliminary
human trials. Yet, the application of these treatments in
IBD remains contentious due to limited and inconclusive
study results.”

5.2. Demyelinating disorders

Demyelinating diseases are infrequently observed in IBD
patients and can be categorized into those caused by a
primary autoimmune mechanism, with MS being the most
prevalent, and those associated with the administration of
biological therapy.®*® MS symptoms can vary widely among
individuals and may impact any part of the nervous system.
Common symptoms include fatigue, mobility difficulties,
visual impairments, numbness or tingling, muscular stiffness
and spasms, and challenges with balance and coordination.
MS may manifest before or during the course of IBD.
Diagnosing MS in patients with IBD is often complex due
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to the commonality of non-specific white matter changes on
MRIs and other demyelinating disorders linked to biological
treatments.”' The correlation between MS and IBD has been
long suspected and supported by genetic studies, which
have identified multiple genetic links between MS and
CD through common single nucleotide polymorphisms.*
These diseases share similar demographics, clinical
manifestations, and geographical distributions, yet the
exact pathophysiological links remain elusive. There is also
evidence suggesting a shared immunologic origin based on
the clustering of chronic inflammatory diseases.”* Moreover,
the recent hypothesis posits a role of the microbiome in MS
pathogenesis, indicated by elevated antibody responses to
GI antigens in MS patients, suggesting a potential overlap in
pathogenic mechanisms or co-occurrence.™

Furthermore, there may be a reciprocal relationship
between IBD and MS. Recent research suggests that the
microbiome may play a significant role in the development
of MS. Studies indicate that MS patients exhibit a higher
frequency of antibody responses to GI antigens than
healthy individuals. However, whether this heightened
immune reaction, targeting substances such as gliadin,
tissue transglutaminase, intrinsic factor, parietal cells,
and Saccharomyces cerevisiae, stems from a common
pathogenic origin or merely coincidental coexistence
remains to be clarified.® Further research is necessary to
determine if these increased antibody levels correlate with
changes in the gut microbiota and related T-cell responses.
The prevalence of GI among patients with these antibodies
may also signal dysfunction within the digestive system.
Research by Banati et al.** has demonstrated the presence of
GI antibodies in MS patients, suggesting that the immune
system, while typically benign, becomes aggressively auto-
reactive under pathological conditions. This shift is often
linked to environmental factors, particularly microbial
infections. Berer et al.>* have shown that even in the absence
of pathogens, the normal gut flora can activate myelin-
specific CD4+ T cells, potentially triggering relapses in
experimental autoimmune encephalomyelitis.

Managing MS in patients with IBD is complex, requiring
meticulous drug selection. Both conditions respond to
steroids, but the rising number of patients developing
steroid dependence necessitates careful escalation of
treatment. TNFa inhibitors are typically ineffective in
MS and may exacerbate IBD, whereas interferons can
worsen IBD symptoms. Conversely, natalizumab has
proven effective for both conditions, though its use is
limited in IBD patients due to the risk of developing
leukoencephalopathy. Thus, treatment must be customized
for each individual, with careful monitoring of adverse
effects to prevent complications.™

5.3. Related medications

IBD can be treated with various medications. Most of
them have been reported to result in various neurological
manifestations as summarized in Table 1.

Corticosteroids such as prednisone are frequently
employed in the acute management of IBD due to their
potent anti-inflammatory effects. However, their side
effects are numerous and can be severe, particularly
with long-term use. These include osteoporosis, adrenal
suppression, hyperglycemia, increased susceptibility to
infection, and psychiatric disturbances such as mood
swings and psychosis. Corticosteroids can also increase the
risk of cataracts, skin thinning, and easy bruising. The risk
of infection is particularly concerning, as corticosteroids
can mask the symptoms of severe infections, potentially
leading to delayed diagnosis and management.*

Immunosuppressants, including azathioprine and
methotrexate, play a crucial role in maintaining remission
inIBD. Azathioprine canlead to leukopenia, hepatotoxicity,
and an increased risk of lymphoma. It may also cause
nausea, vomiting, and pancreatitis in some patients.
Methotrexate, known for its efficacy in reducing the need
for steroids, carries risks of hepatotoxicity, pulmonary
toxicity, and myelosuppression. Since it is teratogenic, both

Table 1. Complications of therapeutic agents for IBD

Medication Side effects

Mesalamine Peripheral neuropathy, Guillain-Barré
syndrome, headache, dizziness, confusion, and
seizures

Steroids Myopathy, tremor, insomnia, psychosis, and
posterior reversible encephalopathy syndrome

Metronidazole Headache, dizziness and vertigo, ataxia,

irritability, insomnia, confusion, seizures,
posterior reversible encephalopathy syndrome,
tremors, and peripheral neuropathy (sensory and
ataxic or autonomic)

Sulfasalazine Encephalopathy and peripheral neuropathy

Anti-TNFa agents  Ischemic stroke, posterior reversible

(infliximab, encephalopathy syndrome, vasculitis, TNFa-
adalimumab, and  induced lupus with vasculitis, demyelinating
certolizumab) diseases, optic neuritis, acute disseminated

encephalomyelitis, multiple sclerosis-like
polyneuropathy, Guillan-Barre syndrome, and
progressive multifocal leukoencephalopathy

Anti-o4 integrin Progressive multifocal leukoencephalopathy

(natalizumab)
Cyclosporine A Peripheral and central neuropathy
Tofacitinib Reversible multifocal CNS demyelination

Abbreviations: CNS: Central nervous system; IBD: Inflammatory bowel
disease.
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men and women of childbearing potential should stop
taking the drug for a period before conceiving.>®

Biologic therapies targeting specific immune pathways
have transformed the treatment for IBD. TNFa inhibitors
such as infliximab and adalimumab are associated
with serious infections, including tuberculosis, and
opportunistic infections such as histoplasmosis. There is
also a potential for inducing or exacerbating demyelinating
diseases and a slight increase in the risk of malignancy,
particularly lymphoma. Natalizumab, used primarily
in CD, carries a risk of PML, a rare but often fatal brain
infection caused by the John Cunningham virus. Mitigating
such risk necessitates strict monitoring and limited usage
in patients who do not respond to other treatments."

Vedolizumab, an anti-integrin agent, targets gut-
specific lymphocyte trafficking and is associated with
fewer systemic infections. However, its side effects include
nasopharyngitis, headache, and arthralgia. Its gut-selective
action reduces the risk of systemic immunosuppression,
but data on the long-term safety of vedolizumab are still
lacking.””

Ustekinumab, which targets the p40 subunit of IL-12
and IL-23, is another biologic used in CD treatment. It
has a relatively mild side effect profile, with the most
common adverse effects being injection site reactions and
respiratory infections. However, the long-term impact on
immune function and the potential for serious infections
remains a concern.

The administration of anti-TNFo. agents such as
infliximab and adalimumab has been implicated in
the induction or exacerbation of these conditions.
Although TNFo. antagonists are effective in controlling
the inflammatory processes of IBD, they may disrupt
immune homeostasis in the CNS, potentially unmasking
or aggravating demyelinating processes. The pathogenic
mechanisms are not entirely understood, but it is
hypothesized that altering TNFa. signaling could interfere
with neuroprotective pathways or enhance autoimmune
responses against myelin or other CNS components.”’

Guillain-Barré ~ syndrome  and  Miller-Fisher
syndrome represent acute inflammatory demyelinating
polyneuropathies that have also been associated with the
use of TNFa inhibitors in IBD patients. These conditions
typically manifest with rapid onset of muscle weakness
and are thought to result from a maladaptive immune
response following infection or immunotherapy. The
link between TNFa blockade and these peripheral
neuropathies suggests a complex interaction between the
drug-induced modulation of immune function and the
PNS’s susceptibility to immune-mediated injury.*

PML is a particularly severe neurological complication
associated withimmunosuppressive therapy in IBD, notably
with the use of natalizumab. This disorder is caused by the
reactivation of the John Cunningham virus within the
CNS, leading to progressive and often fatal demyelination.
Patients with compromised immune surveillance face an
increased risk of PML, which can be a consequence of
both the underlying IBD and the immunomodulatory
effects of biological therapies. The management of PML
requires vigilant monitoring for early signs of neurological
impairment and may necessitate discontinuation of the
offending agent if PML is suspected.”

Taken together, the management of IBD with these
medications requires a careful consideration of their
potential side effects. Clinicians must balance the benefits
of these medications against their risks, tailoring therapy to
individual patient needs and closely monitoring for adverse
effects. This approach is crucial for minimizing complications
and achieving optimal outcomes in the treatment of IBD.

6. Conclusion

The neurological manifestations associated with IBD are
diverse and complex, with significant implications for
patient management and quality of life. This review article
highlights the neurological manifestations of IBD, which
affect both the CNS and PNS, ranging from common
conditions such as peripheral neuropathy to less frequent
but severe complications such as cerebrovascular diseases
and myopathies.

The pathophysiology underlying these neurological
manifestations is multifaceted, involving immune-
mediated mechanisms, vascular abnormalities, nutritional
deficiencies, and neurotoxic effects of certain medications
used in the treatment of IBD. This complexity underscores
the importance of a multidisciplinary approach in treating
IBD patients, involving gastroenterologists, neurologists,
and other specialists to address a wide range of potential
neurological complications.

Furthermore, the management of neurological
manifestations in IBD presents unique challenges. It
requires not only treating the neurological symptoms
themselves but also carefully managing the underlying
IBD to minimize inflammation and potential triggers
of neurological complications. Adjusting therapeutic
strategies to avoid exacerbating existing conditions or
precipitating new ones is crucial, particularly in the use of
medications such as anti-TNFa agents, which may worsen
or trigger demyelinating disorders.

This review highlights the need for increased awareness
and a better understanding of the neurological aspects
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of IBD. Early recognition and appropriate management
of neurological symptoms can significantly improve
patient outcomes. Moreover, ongoing research into the
mechanisms linking IBD with neurological complications
will be vital for developing more effective strategies for
prevention and treatment.

Ultimately, enhancing our understanding of the
neurological manifestations of IBD will lead to more
comprehensive care strategies, which reduce the burden of
these complications on patients and improve their overall
quality of life. As such, continued interdisciplinary research
collaboration is essential to advance our knowledge and
improve the techniques used in managing patients with
these complications.
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Abstract

Cardiacamyloidosis has gained increasing attention in recent years due to substantial
advancements in diagnostic techniques and treatment options. Among the most
notable developments in this field is the approval of tafamidis by the U.S. Food and
Drug Administration in May 2019 for treating transthyretin amyloid cardiomyopathy
(ATTR-CM). This marked a pivotal step forward in managing this complex condition.
This systematic review aimed to comprehensively analyze the efficacy of tafamidis in
treating ATTR-CM and determine its broader applications, with a focus on its impact
on patient outcomes, optimal dosing strategies, and side effect profiles. We strictly
adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
2020 guidelines, ensuring that the methodology was transparent and rigorous. This
review involved an extensive search of multiple databases, including PubMed and
Google Scholar, for relevant articles published between January 1, 2014 and January
9, 2024. After a comprehensive screening and quality assessment process, 16 high-
quality articles were identified and included in the final analysis. These articles
provided abundant data on the clinical outcomes associated with tafamidis use in
ATTR-CM. The findings of our review highlight the transformative role of tafamidis in
the treatment of ATTR-CM. The drug not only improves the quality of life of patients
by significantly alleviating symptoms but also markedly reduces hospitalization
rates and all-cause mortality. Tafamidis showed an impressive safety profile across
different dosage levels, representing a key therapeutic option. As the use of tafamidis
continues to expand in clinical practice, its potential to improve short- and long-term
outcomes in patients with ATTR-CM becomes increasingly evident.

Keywords: Tafamidis; Benzoxazole; Cardiac amyloidosis; Transthyretin amyloid
cardiomyopathy

1. Introduction

Cardiac amyloidosis (CA) is a type of heart disease characterized by abnormal deposition
of amyloid fibrils within the myocardial tissue, leading to heart failure (HF). In the early
stages, this condition often presents as HF with a preserved ejection fraction. However,
as the disease progresses, patients may experience HF with a reduced ejection fraction
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and left ventricular hypertrophy.! In postmortem studies,
amyloid deposits have been detected in approximately
25% of unselected older patients. However, owing to
the non-specific nature of the symptoms, CA is often
underdiagnosed. In addition, 13 - 19% of individuals
suffering from HF with a preserved ejection fraction
present with amyloid involvement.! Fatigue and dyspnea
are common symptoms of HF in older adults. These
manifestations should prompt physicians to consider CA
in their differential diagnosis, as these signs are frequently
observed in patients with this condition. Amyloid fibrils
can also accumulate in the atrium and conduction system,
causing arrhythmias, heart block, and atrial tachycardias,
including atrial fibrillation, thus further complicating the
clinical picture. CA, particularly in older patients with
HE, has been increasingly recognized among the medical
community.?

The pathophysiology of CA involves the accumulation
of misfolded proteins within the myocardium, resulting
in restrictive cardiomyopathy. One of the key proteins
involved in this process is transthyretin (TTR), a protein
produced primarily in the liver. TTR plays a crucial role
in the transport of thyroxine and retinol-binding proteins.
However, under pathological conditions, TTR can
misfold, leading to the formation of amyloid fibrils that are
deposited in the heart and other organs.’

Structurally, TTR is a homotetramer composed of four
identical monomers, each comprising 127 amino acids
arranged in a barrel-like structure. As the dissociation of
the TTR tetramer into monomers is the rate-limiting step
in amyloid formation, the stability of the TTR tetramer is
critical.> Once dissociated, the misfolded TTR monomers
aggregate into amyloid fibrils, which are then deposited in
the myocardium, leading to TTR amyloid cardiomyopathy
(ATTR-CM).* The amyloidogenic potential of TTR is
exacerbated by aging, which may explain the increased
prevalence of CA in older populations. Amyloid deposits
formed from TTR are classified into two main types:
wild-type ATTR (ATTRwt) and variant ATTR (ATTRv).
ATTRwt, also referred to as senile CA, occurs sporadically
in older individuals, whereas AT TRv is an inherited type of
disease caused by mutations in the TTR gene.**

In recent years, ATTR-CM has gained significant
attention due to its increasing prevalence as well as
advancements in diagnostic methods and the introduction
of targeted therapies. Traditional methods for diagnosing
CA involved invasive procedures such as endomyocardial
biopsy. However, recent innovations, such as non-invasive
nuclear scintigraphy, allow the diagnosis of ATTR-CM
without the need for biopsy.®” These advancements have
led to a paradigm shift in the way clinicians approach

ATTR-CM. Once considered a rare and untreatable
condition, ATTR-CM is now increasingly recognized
as a disease that can be diagnosed and treated, thereby
significantly improving patient outcomes.*’ Considering
the median survival rate of 2 - 6 years after diagnosis, early
identification and intervention are crucial to improving the
quality of life and survival of patients with ATTR-CM.'*!!

The primary goals of treating ATTR-CM are to
improve organ function, manage symptoms, and slow or
halt disease progression. Traditional HF therapies, such
as beta-blockers and angiotensin-converting enzyme
inhibitors or angiotensin II receptor blockers, which
address the symptoms of HE, do not target the underlying
cause of amyloid deposition."” Consequently, a significant
focus has been placed on developing disease-modifying
therapies that directly address the pathology of ATTR-CM.
Current treatments for ATTR-CM aim to either reduce the
production of TTR or stabilize the TTR tetramer, thereby
preventing its dissociation and subsequent amyloid fibril
formation.?

Tafamidis, a TTR stabilizer that has been shown to
significantly improve outcomes in patients with ATTR-CM,
is one of the most promising treatment options. The drug
mediates its action by binding to the thyroxine-binding
site on the TTR tetramer, which stabilizes the protein
and prevents it from dissociating into amyloidogenic
monomers.” The landmark ATTR-ACT trial demonstrated
the efficacy of tafamidis in treating ATTR-CM. In
particular, the results showed that tafamidis significantly
reduces the mortality and functional decline rates in
patients with ATTR-CM."* The trial included patients with
the wild-type and variant forms of ATTR-CM and found
that tafamidis improved survival rates and reduced the
number of cardiovascular event-related hospitalizations.
Importantly, tafamidis was also shown to improve the
quality of life of patients by slowing the progression
of functional limitations, thereby allowing patients to
maintain their independence for longer periods."

In light of these findings, tafamidis has emerged as the
first Food and Drug Administration-approved treatment
for ATTR-CM, representing a major milestone in the
management of this condition. Considering its ability to
stabilize TTR and prevent amyloid deposition, tafamidis
is considered a cornerstone of therapy for patients with
ATTR-CM.” However, despite its efficacy, tafamidis is not
a curative option. Although the drug can slow disease
progression, it does not reverse existing amyloid deposits,
highlighting the importance of early diagnosis and
intervention.®

CAisacomplex condition thatisfrequently undiagnosed,
particularly in older patients with HE. The development of
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tafamidis as a targeted therapy for ATTR-CM represents a
significant advancement in this field. This drug may offer
improved outcomes in affected patients. This systematic
review underscores the importance of early detection
and timely intervention as well as the need for continued
research into additional therapies that can further improve
the prognosis of patients with this debilitating disease.”
The use of tafamidis, coupled with advancements in
non-invasive diagnostic techniques, has transformed
ATTR-CM from a rare, incurable condition into a treatable
and increasingly recognized condition, leading to better
patient outcomes and prolonged survival.

2. Methods
2.1. Objective

This systematic review aimed to present comprehensive
evidence regarding tafamidis as a novel therapeutic agent
for ATTR-CM. This review was conducted in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 guidelines.™

2.2. Search strategy

A comprehensive search was conducted across PubMed
and Google Scholar to identify relevant articles. The
search strategy utilized the terms “Tafamidis,” “Cardiac
amyloidosis,” and “Transthyretin amyloid cardiomyopathy”
using BOOLEAN operators “AND” and “OR” to refine the
results. A mesh-based approach was employed to further
narrow the search, reducing the volume of irrelevant
literature. Table 1 shows the total number of articles retrieved
from each database after applying appropriate filters.

To facilitate a deeper exploration of the impact
of tafamidis on ATTR-CM, this systematic review
was extended into a narrative review, as shown in the
Discussion section. This approach allowed for a more
detailed and nuanced analysis of the clinical efficacy, safety,
and broader implications of tafamidis in the management
of this condition.

Table 1. Databases and search strategies

2.3. Eligibility requirements

In accordance with the PRISMA 2020 guidelines, the
following participant, intervention, and outcome criteria
were established for study inclusion:

e  DParticipants: Studies involving populations diagnosed
with ATTR-CM, regardless of race, sex, or ethnicity,
were included in the analysis. The selection was not
limited by demographic variables to ensure a broad
representation of the disease impact across diverse
groups

e Intervention: Studies that specifically administered
tafamidis as the primary intervention for treating
the above-mentioned population were included in
the analysis. Trials evaluating tafamidis alone or in
combination with other therapies were considered if
tafamidis was the main therapeutic focus

e Outcomes: The primary outcome of interest was the
efficacy of tafamidis in improving clinical symptoms,
quality of life, and/or disease progression in patients
with ATTR-CM. The secondary outcomes, such as
reduction in all-cause mortality, hospitalization rates,
and adverse effects associated with tafamidis, were
also considered to ensure a comprehensive evaluation
of treatment impact.

2.4. Inclusion and exclusion criteria

The following additional inclusion criteria were used:
articles written in English; free full-text articles published
within the past 10 years; article types such as cohort studies,
case—control studies, randomized control trials (RCTs),
non-RCTs, case series, case reports, systematic reviews,
literature reviews, and meta-analyses. Animal studies were
not considered in this systematic review.

3. Results

Using the appropriate criteria and search methods,
786 articles from the above-mentioned databases
published within the past 10 years were retrieved

Database Search strategy Filters No. of
articles
PUBMED Tafamidis OR (“Benzoxazoles/administration and dosage” [Mesh] OR “Benzoxazoles/ Free full-text, studies 755

pharmacokinetics” [Mesh] OR “Benzoxazoles/pharmacology” [Mesh] OR “Benzoxazoles/
therapeutic use” [Mesh] ) AND Cardiac amyloidosis OR Transthyretin amyloid
cardiomyopathy OR (“Amyloid Neuropathies, Familial/drug therapy” [Mesh] OR
“Amyloid Neuropathies, Familial/etiology” [Mesh] OR “Amyloid Neuropathies, Familial/

published in the past
10 years, studies on
humans, and studies
written in English

genetics” [Mesh] OR “Amyloid Neuropathies, Familial/pathology” [Mesh] OR “Amyloid
Neuropathies, Familial/physiopathology” [Mesh] OR “Amyloid Neuropathies, Familial/
prevention and control” [Mesh] OR “Amyloid Neuropathies, Familial/therapy” [Mesh])
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(from January 1, 2014, to January 9, 2024). The SANRA
scale’® was used to assess the quality of narrative review
articles, and the Jadad scale'® was utilized for RCTs and
non-RCTs. The Joanna Briggs Institute quality appraisal
checklist'” was used for case series and case reports, and the
Newcastle-Ottawa checklist'® was used for case-control
and cohort studies. Duplicates and irrelevant records were
removed before the quality assessment. Finally, 16 studies
were included in this systematic review. Figure 1 shows the
PRISMA chart summarizing the screening process.

Table 2 shows the studies included in this systematic
review.

4, Discussion

4.1. Tafamidis in ATTR-CM: Redefining standards of
care

Tafamidis has revolutionized the management of
ATTR-CM, a rare but increasingly recognized cause of
HE Tafamidis, the first Food and Drug Administration-
approved treatment for ATTR-CM, has redefined the
standard of care by not only extending survival rates but
also remarkably improving the quality of life and functional
capacity of patients. The drug’s ability to stabilize TTR,
which prevents misfolding and amyloid deposition, has
opened new avenues for tackling this previously intractable
disease. This section provides an in-depth examination of
the clinical trial data of functional outcomes, subgroup
analyses, and dosage effects of tafamidis and its impact
on mortality and hospitalization, thereby illustrating its
profound role in inhibiting disease progression.

4.2, Clinical trial data: ATTR-ACT and long-term
extension (LTE) studies

The ATTR-ACT trial is a cornerstone for the approval and
widespread use of tafamidis in the treatment of ATTR-CM.
The trial involved 441 patients diagnosed with ATTRwt or
ATTRv who had New York Heart Association (NYHA)
class I-IIT HE This trial has set the benchmark for the
efficacy of tafamidis. This was a randomized, double-
blind, placebo-controlled study that evaluated tafamidis at
doses of 20 and 80 mg over 30 months. The trial’s primary
endpoints included all-cause mortality and cardiovascular
event-related hospitalizations, both of which are critical
markers of disease progression in HE.

The results were groundbreaking, with tafamidis
showing a 13.4% absolute reduction in all-cause
mortality compared with placebo. This statistical value
is particularly notable considering the traditionally poor
prognosis associated with ATTR-CM. Furthermore,
tafamidis reduced cardiovascular hospitalization rates
by 32%. Therefore, it is effective in mitigating acute

decompensations that frequently require hospitalization.
ATTR-CM is often diagnosed at advanced stages.
Therefore, the ability to substantially lower hospitalization
rates represents a significant improvement in disease
management and the quality of life of patients. These
findings are supported by the results of functional
measures, such as the 6-min walk test (6MWT) and Kansas
City Cardiomyopathy Questionnaire (KCCQ), which
showed remarkable improvements in functional capacity
and patient-reported quality of life. Patients on tafamidis
exhibited an 80-m increase in the 6SMWT distance and a
13 — 18-point improvement in KCCQ scores, surpassing
the thresholds for clinical relevance.>5%%11-22

After the completion of ATTR-ACT, the participants
were invited to enroll in an LTE study, which provided
further insights into the long-term effects of tafamidis.
The results of the LTE study underscored the importance
of early intervention and showed that the median survival
of patients who started treatment with tafamidis at the
onset of the ATTR-ACT trial and those initially assigned
to placebo treatment were 53 and 35 months, respectively.
This reinforces the idea that early tafamidis therapy has
substantial survival benefits. Importantly, the LTE study
revealed that a dose of 80 mg led to better survival rates
than a dose of 20 mg, without increasing the incidence of
adverse effects, thereby highlighting the potential benefits
of higher doses.>? This finding has prompted further
discussion on optimizing dosing strategies to maximize
patient outcomes.

4.3. Reductions in mortality and hospitalization
rates

The profound impact of tafamidis on mortality and
hospitalization rates has been consistent across multiple
analyses, which underscores its critical role in treating the
wild-type and variant forms of ATTR-CM. Patients with
ATTRwt exhibited earlier survival benefits than those with
ATTRy, likely due to differences in disease progression
between the two subtypes. The earlier onset of mortality
reduction in ATTRwt indicates that patients with this type of
disease have greater benefits from timely initiation of therapy.
However, in both subgroups, tafamidis was associated with a
30% decrease in all-cause mortality and a 32% reduction in
cardiovascular hospitalization rates compared with placebo,
demonstrating its broad efficacy across patient populations.'

Subgroup analyses in the ATTR-ACT trial also
emphasized the variation in outcomes based on the
severity of HF at baseline. Patients with NYHA class I and
IT HF exhibited the greatest survival benefit, underscoring
the importance of treating the disease before it advances to
later stages. Patients with NYHA class III HF also showed
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Figure 1. Preferred reporting items for systematic reviews and meta-analyses chart

improvements in mortality, with a smaller magnitude,
likely reflecting the more advanced nature of their disease.
This finding emphasizes an important point. If tafamidis is
initiated earlier, the outcomes may be better, particularly in

patients with less severe HE. The mortality benefits across
different subtypes and severities of ATTR-CM validate
that tafamidis is a versatile and essential therapy for this
heterogeneous condition.
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Table 2. Studies included in the systematic review

Author(s) Yearof  Typeofstudy  Population (sample size and Major findings

publication median age)

Ruberg et al.’ 2019 Review article ~ N/A Better results are anticipated with the development of
ATTR-CM treatments. However, early identification of
afflicted individuals is essential for these therapies to be
successful.

Rapezzi et al.” 2021 Cohort study 437 patients (median age: Administration of tafamidis significantly reduced all-cause

75 years); 274 males, 163 females; mortality in patients with ATTR-CM regardless of the genotype.
ATTRv and ATTRwt Median follow-up duration: 30 months.

Wang et al."’ 2023 Systematic Pooled data from 16 studies Treatment with tafamidis was related to a reduced risk of
review and meta- (>2,000 patients, both males and adverse cardiovascular events and all-cause mortality without
analysis females) a significant decline in left ventricular ejection fraction

in patients with ATTRwt. Median follow-up duration:
24 - 30 months.

Porcari et al.® 2022 Review article N/A Non-invasive imaging techniques are crucial for assessing
myocardial involvement in ATTR amyloidosis and can play a
significant role in evaluating disease-modifying therapies and
guiding treatment adjustments.

Yamamoto et al.* 2019 Review article N/A The introduction of medications such as tafamidis requires
individualized treatment strategies based on the disease stage
and clinical profile.

Damy et al.* 2021 RCT 441 patients (median age: Tafamidis at doses of 80 and 20 mg significantly reduced

76 years); 307 on tafamidis cardiovascular-related mortality and hospitalization rates, with
(212 males and 95 females), a dose of 80 mg associated with better survival and no dose-
134 on placebo (90 males and related safety issues. Median follow-up duration: 30 months.
44 females)

Takashio et al.’” 2023 Retrospective 103 patients with ATTRwt-CM  Patients treated with tafamidis had better outcomes and
cohort study (median age: 78 years); 68 males prognoses compared with those who were untreated. Median

and 35 females follow-up duration: 12 months.

Elliott et al.”? 2023 Cohort study 517 patients (median age: Over a median follow-up of 5 years, patients with NYHA class

79 years); 331 males and III symptoms who received continuous tafamidis treatment had
186 females a lower all-cause mortality than those who received delayed
treatment (placebo first and then tafamidis).

Raval et al.? 2023 Review article N/A Early non-invasive diagnosis using bone scintigraphy,
combined with disease-modifying therapies such as tafamidis
and bortezomib, has transformed the approach to CA
management.

Elliott et al."! 2022 RCT 441 patients (median age: In the long-term extension of ATTR-ACT, tafamidis-

76 years); 307 on tafamidis and  treated patients had significantly higher survival rates than
134 on placebo; 68% males placebo-treated patients, emphasizing the importance of
early detection and treatment. Follow-up duration: up to
5 years.

Nuvolone et al.® 2022 Review article N/A Access to effective ATTR-CM treatment can be expanded by
repurposing older, low-cost drugs, and making competitive new
medications available.

Kittleson et al.? 2020 Review article N/A Appropriate CA diagnosis allows physicians to manage heart
failure and arrhythmias effectively while incorporating disease-
modifying treatments such as tafamidis.

Maurer et al.*! 2015 RCT 35 patients (median age: Tafamidis therapy was well-tolerated and could stabilize TTR.

68 years); 24 males and However, further research is warranted as most biochemical and
11 females echocardiographic parameters showed no significant changes.
Follow-up duration: 12 months.
Stern and Patel” 2022 Review article ~ N/A Tafamidis is the only FDA-approved TTR tetramer stabilizer for

treating ATTR-CM.

(Cont'd...)
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Table 2. (Continued)

Author(s) Yearof  Typeofstudy  Population (sample size and Major findings
publication median age)

Maurer et al.”? 2018 RCT 441 patients (median age: Compared with patients receiving placebo, tafamidis
76 years); 307 on tafamidis was associated with lower all-cause mortality, reduced
(212 males and 95 females), cardiovascular hospitalization rates, slower functional decline,
134 on placebo (90 males and and improved quality of life in patients with ATTR-CM.
44 females) Follow-up duration: 30 months.

Griffin et al.® 2021 Review article N/A Over the past few decades, research has revealed the

mechanisms underlying amyloidogenesis. This led to the
development of successful treatments for various classes of
amyloidosis.

Abbreviations: FDA: Food and drug administration; RCT: Randomized controlled trial; N/A: Not applicable; ATTR-CM: Transthyretin amyloid
cardiomyopathy; TTR: Transthyretin; ATTRv: variant ATTR; ATTRwt: wild-type ATTR; NYHA: New York Heart Association; CA: Cardiac

amyloidosis.

Beyond mortality, the impact of tafamidis on
cardiovascular hospitalizations cannot be overstated. HF
decompensations, often requiring hospitalization, not only
cause patient distress but also have significant prognostic
implications. The 32% reduction in hospitalization rates
observed in tafamidis-treated patients translates to a lower
burden on health-care systems and improved patient
experiences. Cardiovascular hospitalizations are often
accompanied with significant morbidity, and reducing
their frequency with tafamidis can remarkably improve
the survival and quality of life in this patient population.

4.4. Functional and quality-of-life improvements

Although extending survival is a paramount goal,
improving functional capacity and quality of life are equally
essential in managing a chronic, debilitating disease such
as ATTR-CM. Tafamidis has consistently shown the ability
to not only inhibit disease progression but also enhance
the day-to-day experiences of patients. In the ATTR-ACT
trial, the functional capacity - as measured using the
6MWT - and quality of life — assessed using the KCCQ
- of tafamidis-treated patients improved significantly
compared with those of placebo-treated patients. These
benefits are far from trivial, as the 80-m increase in the
6MWT distance and the 13 - 18-point rise in KCCQ
scores underscore the tangible benefits of therapy, enabling
patients to perform activities of daily living with greater
ease and comfort.’

The importance of these findings lies in not only
numerical improvements but also the thresholds for clinical
relevance. Both the 6MWT and KCCQ have established
cutoffs that indicate a meaningful improvement, and
tafamidis consistently exceeded these thresholds. These
results imply that patients not only lived longer but
also lived better, with improved physical functions and
emotional well-being. The emotional toll of HF, particularly

a progressive and often fatal disease such as ATTR-CM, is
substantial, and therapies that can enhance the quality of
life of patients should be prioritized alongside those that
extend survival.

Further studies have supported these findings. In a
study by Ruberg et al., tatamidis was associated with a 32%
reduction in cardiovascular hospitalizations and a 13.4%
reduction in all-cause mortality, thereby further supporting
the improvements in survival and functional outcomes.
Moreover, the study revealed reductions in the levels of
N-terminal pro-B-type natriuretic peptide, a biomarker of
HF severity. Based on this finding, tafamidis may stabilize,
if not reverse, the clinical decline often observed in
ATTR-CM.’ Similarly, Wang et al. conducted a systematic
review and meta-analysis and confirmed that tafamidis not
only improved survival but also reduced hospitalization
rates and enhanced other clinical endpoints, indicating its
therapeutic role in ATTR-CM."

4.5. Subgroup analyses of ATTRwt versus ATTRv and
differences in NYHA classifications

Subgroup analyses from the ATTR-ACT trial'? have
provided valuable insights into the differential effects of
tafamidis across various patient populations. Tafamidis
demonstrated similar reductions in all-cause mortality in
patients with ATTRwt and ATTRv. However, those with
ATTRwt showed earlier survival benefits. This finding
suggests that early intervention may be particularly
important for this patient group, considering the rapid
progression often observed in ATTRwt.

In terms of NYHA class, patients with NYHA class I
and IT HF showed the most significant survival benefits
from tafamidis therapy. Patients with NYHA class III HF
also experienced reductions in mortality rates. However,
the magnitude of the benefit was somewhat limited. These
subgroup analyses indicate that if the disease is treated with
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tafamidis earlier, the outcomes will be better, particularly
in patients with ATTRwt and those with less advanced
HF.IO,ZO

4.6. Dosage efficacy: 80 versus 20 mg

Several studies*'> have explored the question of optimal
dosing, with tafamidis at a dose of 80 mg emerging as a
more potent option. Damy et al. investigated the efficacy of
different tafamidis dosages and found that a dose of 80 mg
provided faster and potentially more robust therapeutic
effects than a dose of 20 mg, particularly in improving
functional outcomes such as 6BMWT distance and KCCQ
scores.* Patients receiving a dose of 80 mg exhibited
improvements as early as 6 months of treatment, whereas
those on the 20 mg dose exhibited similar improvements
after 12 months.

Despite these differences in the speed of effect, both
doses of tafamidis resulted in significant reductions in
mortality and hospitalization rates, underscoring the
drug’s overall efficacy across dosage levels. Importantly,
there were no significant safety differences between the two
doses, making both options viable based on patient-specific
factors and health-care provider recommendations.*

4.7. Long-term outcomes and biomarkers

Beyondimmediate clinical outcomes,long-term studieshave
begun exploring the broader impact of tafamidis on disease
progression, particularly in terms of biomarkers. Tafamidis
has been shown to reduce the levels of N-terminal pro-B-
type natriuretic peptide, a biomarker associated with HF
severity and prognosis. In addition, reductions in the levels
of troponin, another biomarker of cardiac injury, have been
observed. Therefore, tafamidis may exert cardioprotective
effects beyond its role in TTR stabilization.” Nevertheless,
further research should be performed to fully elucidate the
mechanisms by which tafamidis affects these biomarkers.
However, early data are promising.

LTE studies have also provided insights into the
durability of the effects of tafamidis. Patients who remained
on tafamidis after the completion of the ATTR-ACT trial
continued to experience survival and functional benefits,
with a minimal decline in their quality of life. This long-
term efficacy underscores the potential of tafamidis as a
chronic therapy for chronic disease, with the possibility of
transforming the natural history of ATTR-CM from rapid
decline to stabilization as well as improvement in specific
cases.®!12

4.8. Tafamidis as a foundation for future therapies

Tafamidis has undoubtedly revolutionized the treatment
of ATTR-CM. However, it also lays the groundwork for

future therapies. The success of tafamidis has spurred
interest in developing additional treatments that target
the underlying pathology of ATTR-CM, including gene-
silencing therapies and other small molecules. As the
field continues to evolve, tafamidis will likely remain
a cornerstone of therapy, particularly for patients who
cannot tolerate or do not respond to newer treatments.

Furthermore, the experience gained from tafamidis
therapy has provided valuable insights into the importance
of early diagnosis and intervention in ATTR-CM. The
notion that tafamidis is most effective when started
early in the disease course emphasizes the need for
increased awareness and screening, particularly in at-risk
populations such as older adults and those with a family
history of amyloidosis. With earlier diagnosis, tafamidis
and future therapies will have an even greater impact on
patient outcomes.'"'?

5. Limitations

This systematic review had certain limitations. First, only
studies published within the past decade were included. In
addition, only full-text articles that were freely accessible
across various databases were utilized. Articles in languages
other than English were excluded during the screening
process. Previous studies involving participants aged
<18 years were also excluded. Finally, the review focuses
solely on the efficacy of tafamidis in ATTR-CM, excluding
data on its use in other subtypes of CA.

6. Conclusion

Tafamidis has fundamentally transformed the treatment
landscape for ATTR-CM, thereby offering patients
several benefits such as reduced mortality, fewer
hospitalizations, and enhanced functional capacity.
Clinical trials such as ATTR-ACT and LTE studies have
demonstrated the eflicacy of tafamidis, especially when
initiated early in the disease course. Although economic
challenges remain, the therapeutic benefits of tafamidis
are undeniable, making it a cornerstone treatment for
ATTR-CM. The use of tafamidis, the interaction of
tafamidis with different drug classes, and the prognosis
of patients with ATTR-CM coupled with various
comorbidities, such as diabetes mellitus, hypertension,
and chronic renal failure, are some potential topics of
future research.
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Abstract

Cardiovascular diseases (CVDs) are a major global health issue, with current
treatments often insufficient for addressing long-term cardiac damage. Stem cell
therapy provides a promising alternative by potentially repairing damaged heart
tissue and improving cardiac function. This review highlights recent advancements
in stem cell applications for CVDs, focusing on heart tissue regeneration using various
cell types, including mesenchymal stem cells and the newly discovered very small
embryonic-like stem cells. Each cell type has unique characteristics that contribute
to heart regeneration. Combining these cells with appropriate natural, synthetic, or
decellularized scaffolds creates environments that better mimic the heart, resulting
in improved outcomes. The clustered regularly interspaced short palindromic
repeat/Cas9 gene editing technology advances these efforts by enabling precise
genetic modifications. Despite these advancements, challenges such as cell culture
variability, biomaterial selection, and clinical protocol standardization remain.
Continued research and clinical trials are crucial to overcome these challenges and
integrate stem cell therapies into standard cardiac care.

Keywords: Cardiac tissue engineering; Heart tissue regeneration; Stem cells; Very small
embryonic-like stem cells; Stem cell therapy; Cardiac function

1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of death worldwide, with the
World Health Organization reporting 17.9 million deaths in 2019, which accounted for
32% of global deaths.! Although lifestyle changes and medications aid in the prevention
of CVDs, secondary treatments for coronary artery disease (CAD) still face limitations.
Techniques such as percutaneous coronary intervention, thrombolysis, and coronary
artery bypass grafting can restore blood flow but cannot reverse the permanent damage
caused by heart attacks, often resulting in heart failure with reduced ejection fraction.
Surgical options such as ventriculoplasty and heart transplants are limited in either
scope or availability. Alternatives such as xenotransplantation and artificial hearts
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are still under development.> Among the 157 recipients
of ventricular assist devices in the UK, 50% achieved a
5-year survival rate.” Stem cell therapy, with its potential
to regenerate heart tissue, provides a promising solution,
opening new avenues in cardiac care. This article explores
recent advancements in stem call applications for treating
CVDs, underscoring their potential to repair the damaged
myocardium and improve heart function. Figure 1
illustrates a summary of the applications of stem cells in
cardiac regeneration, including heart tissue regeneration,
tissue engineering, and stem cell-derived exosomes.

2. Exploring stem cell types for cardiac
tissue regeneration

Due to the limited regenerative capacity of the heart,
scientists are exploring alternative sources of cardiomyocytes
(CM), particularly embryonic stem cells (ESCs), which are
derived from the inner cell mass of blastocysts and can
differentiate into various cell types, including ESC-CMs.* In
2006, Yamanaka's team demonstrated that adult somatic cells
can be reprogrammed into induced pluripotent stem cells
(iPSCs), providing a rapid and cost-eftective source for heart
cell therapies.” iPSCs have been instrumental in creating
cardiac organoids — 3D structures that mimic the human
heart - and modeling diseases such as long QT syndrome
and hypertrophic cardiomyopathy (HCM).® Furthermore,
cardiac progenitor cells, specialized stem cells in the heart,

hold promise for improving self-healing and angiogenesis
as well as for disease modeling and drug testing in HCM.”

Another cell type demonstrating significant potential
in improving cardiac function is mesenchymal stem cells
(MSCs), which improve heart tissue regeneration after
myocardial infarction through paracrine signaling. MSCs
are adult stem cells derived from the bone marrow (BM),
adipose tissue, deciduous teeth, and umbilical cord blood
(UCB).? Their efficacy and safety have been investigated in
different clinical trials. For instance, TAC-HFT investigated
how MSCs combined with BM cells can reduce arrhythmias
and improve repair in ischemic cardiomyopathy.?
Moreover, BM stem cells, primarily related to osteoblast
differentiation, are being investigated in trials such as
BOOST and BAMI for their potential to improve left
ventricular ejection fraction after myocardial infarction.’
In addition, the CHART-1, SCIENCE, and DREAM-HF
trials are among the largest and most significant studies
exploring the clinical application of stem cells in heart
diseases. These trials have advanced our understanding of
stem cell therapy, demonstrating promising benefits, such
as improved heart function, reduced heart enlargement,
and better quality of life, for patients with heart failure.
Nevertheless, numerous ongoing studies today continue to
highlight the importance and need of integrating stem cell
therapies into clinical practice, showing the evolving role
of regenerative medicine in cardiovascular care.”’ Table 1

Stem cells & cardiovascular disease treatment

Different stem cell types
ESCs, MSCs, iPSCs
# VSELs, CPCs

QWY
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Heart regenkratiofi- Heart functiopimproven

\ =

A\

Natural, synthetic & decellularized scaffolds

Combined with cells using the principles of tissue engineering

Figure 1. Applications of stem cells in cardiac regeneration. Image created by the authors.
Abbreviations: CPCs: Cardiac progenitor cells; ESCs: Embryonic stem cells; iPSCs: Induced pluripotent stem cells; MSCs: Mesenchymal stem cells;

VSELs: Very small embryonic-like stem cells.
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presents an overview of clinical trials evaluating stem cell
therapies for ischemic heart disease.”!?

Finally, but importantly, there is a recently discovered
population of stem cells that have garnered increasing
attention due to their unique properties. Very small
embryonic-like stem cells (VSELs) are small (3-5 pum
smaller than red blood cells) and exhibit pluripotency
similar to that of ESCs.”® These cells are believed to be
remnants of ESCs that persist into adulthood, typically
remainingina quiescent state, which may protect them from
environmental damage and teratoma formation. Various
preclinical models have demonstrated their regenerative
potential, including the regeneration of myocardial
post-infarction tissue. Ratajczak, the pioneer in VSEL
research, and his group,” have successfully differentiated
VSELs in vitro from murine BM into CMs, indicating
their potential for cardiac regeneration. Gounari et al."*
successfully differentiated human UCB(hUCB)-VSELs
into hematopoietic cells in vitro, thereby demonstrating
their potential for cardiac differentiation through similar
signaling pathways.

3. Engineering simulates the 3D cardiac
environment

Cardiac tissue engineering addresses previous challenges
using scaffolds - synthetic, natural, or decellularized -
to support cell growth. These scaffolds can be improved
with cytokines, growth factors, or peptides to mimic the
physiological conditions of cardiac tissue. This method
promotes cell attachment and differentiation while
protecting cells from the hostile environment of the
infarcted myocardium.

When comparing natural and synthetic materials,
each has distinct advantages and disadvantages. Natural
materials (e.g., fibrin and collagen) are valued for
their biological origin, biocompatibility, and adhesive
sequences that promote cell adhesion and differentiation;
however, they often suffer from inadequate mechanical
properties, rapid degradation, and a risk of contamination,
which increase production costs.”” In contrast, synthetic
materials (e.g., poly(lactic-co-glycolic) acid) are cost-
effective and provide consistent mechanical properties;
however, they have limited scale-up potential, lack
biocompatibility, and pose the risk of biodegradation-
related side effects.’” Therefore, ideally, the scaffold
architecture (surface topography and pore size) should
balance these factors, supporting cell attachment,
nutrient exchange, cell-extracellular matrix (ECM)
interactions, and differentiation, along with providing
biocompatibility, mechanical integrity, and controlled
biodegradability.”®

Decellularized scaffolds, mimicking the healthy cardiac
tissue, help preserve the native structure ECM and show
promise in reducing LV remodeling and improving heart
function when engineered into biocompatible materials
such as injectable hydrogels.' When combined with
cardiac patches - laboratory-grown pieces of heart tissue
designed to replace damaged cardiac areas, these scaffolds
support heart tissue regeneration and prevent further
damage.'¢

Prat-Vidal et al.” reported the first human application of
an allogeneic decellularized pericardial matrix bioimplant
with Wharton’s jelly-derived MSCs in patients with
myocardial infarction, reducing the scar size by 9% without
causing adverse effects such as myocarditis. Moreover,
Sun et al.'® improved heart function, cell survival, and
engraftment by co-transplanting human iPSC (hiPSC)-
CMs with preformed microvessels from adipose tissue.

Gene editing is another innovative tool for cardiac care.
The clustered regularly interspaced short palindromic
repeat system, originally discovered as a bacterial immune
mechanism, has become a crucial method for disease
modeling and therapy." It has been used to correct in vitro
mutations in conditions such as Duchenne muscular
dystrophy" and has improved MSC reparative function for
heart repair both in vitro and in vivo by targeting genes
such as TLR4.** Furthermore, editing PCSK9 in mice was
found to significantly reduce cholesterol levels,”! whereas
patient-specific iPSC-derived organoids have been used to
replicate the heart muscle thickening observed in HCM.¢
These approaches provide novel strategies to prevent heart
failure by improving the function of stem cells used for
heart repair.

4, Challenges in stem cell applications for
cardiac care

Stem cells can be transplanted into injured myocardium
either directly or after in vitro differentiation. Furthermore,
methods such as chemical and drug-based treatments can
improve cell survival and retention in the myocardium.
Tissue engineering may further optimize conditions
by better mimicking the natural cardiac environment.
Finally, stem cell-derived exosomes exhibit potential for
cardiac repair. Figure 2 summarizes the pathways for
improving stem cell efficacy in cardiac regeneration.>”**
Nonetheless, challenges exist at every step of the process.

Regarding the appropriate stem cell type, ESC-CM
transplants face significant hurdles, including ventricular
arrhythmias, ethical concerns, teratoma formation, and
immune rejection.”?® Before iPSCs can replace traditional
PSCs sources, it is essential to investigate the impact of
residual epigenetic and transcriptional anomalies on their
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Figure 2. Improving the targeted transplantation of stem cells through in vitro differentiation: improving survival rates and adaptation within 3D cardiac
environments in tissue engineering and the significant role of exosome utilization. Image created by the authors.

clinical safety. Genomic instability during reprogramming
raises concerns, making ESCs the preferred choice for now
until more stable reprogramming methods are developed.’
MSCs are widely used in cardiac research due to their
potential. Optimizing the isolation and expansion of
VSELs is also important, because banking hUCB-VSELs
could create a valuable cell reservoir for treating congenital
or acquired heart diseases.

Major challenges for transplanted stem cells include
minimizing apoptosis, oxidative stress, and inflammation
that can result in cell death and cardiac complications.
Efforts must focus on improving cell survival, angiogenesis,
and cardiac function to support the damaged myocardium.
It is also important for transplanted cells to survive,
integrate properly, and receive appropriate electrical and
mechanical signals to develop into functional heart cells.
There are also challenges related to exosomes, such as
specificity, dosing, and target binding.

A major challenge with undifferentiated stem cells
is their tendency to differentiate into various cell types
in vivo, resulting in poor cardiomyogenic outcomes.
Predifferentiating them toward a cardiomyogenic lineage
in vitro significantly improves their efficacy. Unlike
in vivo conditions, where oxidative stress and unpredictable

factors can affect cell development, the laboratory provides
controlled environments to guide differentiation. All
pluripotent cells, including VSELs, can be predifferentiated
to align with specific therapeutic goals, thereby improving
their engraftment and therapeutic potential.*****” For
instance, Szaraz et al.”” found that human umbilical cord
perivascular cells formed contracting clusters within
a week when cocultured on cardiac feeder layers, thus
addressing low survival rates post-transplantation due
to leakage, ischemic conditions, or oxidative stress.”*
Furthermore, exosomes from failing hearts exhibit
diminished cardioprotective properties compared with
those from healthy hearts, emphasizing the need for ex vivo
improvements to stem cell function.

The stem cell secretome is pivotal in therapies,
comprising proteins, nucleic acids, lipids, and extracellular
vesicles (EVs). EVs, categorized by size and origin,
include exosomes, mRNAs, microRNAs, and non-
coding RNAs, all of which are essential for intercellular
communication.”** Exosomes, involved in processes such
as immune modulation and differentiation, demonstrate
potential for cardiac regeneration. For instance, Farahzadi
et al.*® demonstrated that injecting MSC-derived exosomes
into mice shortly before cardiac reperfusion significantly
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reduced infarct size within 24 h and improved cardiac
function over 28 days compared with that in untreated
controls.

hiPSCs are used to generate cardiomyocytes (hiPSC-
CMs) for investigating cardiac diseases. Nevertheless, these
cells often resemble immature, fetal-like cardiomyocytes,
limiting their use in disease modeling and drug testing.”
Recent advancements, such as culturing hiPSC-CMs in 3D
microtissue environments or cardiac maturation media for
15 - 18 days, have resulted in cells that are approximately
50% closer to adult heart cells in gene expression.” Matured
hiPSC-CMs exhibit improved structure, mechanics, and
electrophysiology, including better contractile strength and
calcium cycling. For diseases linked to SCN5A mutations,
such as Brugada syndrome, matured hiPSC-CMs provide
better disease modeling. Ongoing research aims to further
improve maturation using electrical stimulation and 3D
cultures.

The combination of stem cell therapy with tissue
engineering demonstrates significant promise for heart
regeneration, disease modeling, drug testing, and valvular
disease treatment. Nevertheless, unlike chemical drugs,
cellular therapies are complex, and variability in cell
culture conditions poses difficulties. Selecting the precise
biocompatible material, having porosity and elasticity that
match cardiac mechanics and support neovascularization,
is crucial. These materials must ensure effective cell
adhesion and controlled degradation as well as avoid toxic
byproducts. As there is no single ideal material for cardiac
regeneration, researchers select biocompatible materials
based on desired properties for optimal outcomes.

The implementation of stem cell therapies on a large
scale requires developing standardized clinical protocols,
quality control measures, and strong regulatory oversight
to ensure patient safety and ethical compliance, as
outlined by the ISSCR guidelines.*! Despite their potential,
PSCs face significant ethical and regulatory challenges.
Although MSCs have gained prominence in biomedical
research, variability in their isolation, expansion, and cell
characterization methods complicates the comparison
of results. To address this issue, the International Society
for Cellular Therapy proposed minimal criteria to define
human MSCs in 2006.”" Since then, researchers such as
Rojewski et al’* and Codinach et al** have developed
reproducible bioprocesses for manufacturing MSC-based
products for clinical applications using closed systems
that require minimal manipulation and allow continuous
monitoring; however, certain challenges remain,
including scaling up production, managing the inherent
heterogeneity of MSCs, and implementing robust quality
control measures. Further consensus on MSC definitions

and reporting standards is essential to improve rigor,
reproducibility, and transparency in MSC research.
5. Conclusion

Stem cell research has the potential to revolutionize cardiac
care by providing innovative treatment strategies for
heart disease. Continued advancements and collaborative
efforts are essential for overcoming existing challenges and
unlocking the complete potential of stem cell therapies.

Acknowledgments

None.

Funding

None.

Conflict of interest

The authors declare that they have no competing interests.

Author contributions

Conceptualization: Aliki Iliadou, Panteleimon Pantelidis

Visualization: Aliki Iliadou, Panteleimon Pantelidis,
Georgios Paparoidamis

Writing-original draft: All authors

Writing-review ¢ editing: All authors

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data
Not applicable.

References

1. Muharram FR, Multazam CE, Mustofa A, et al. The 30 years
of shifting in the Indonesian cardiovascular burden-analysis
of the global burden of disease study. J Epidemiol Glob
Health. 2024;14(1):193-212.

doi: 10.1007/s44197-024-00187-8

2. Heng BC, Haider HK, Sim EK, Cao T, Ng SC. Strategies
for directing the differentiation of stem cells into
the cardiomyogenic lineage in vitro. Cardiovasc Res.
2004;62(1):34-42.

doi: 10.1016/j.cardiores.2003.12.022

3. Bottle A, Faitna P, Aylin PP, Cowie MR. Five-year outcomes
following left ventricular assist device implantation in
England. Open Heart. 2021;8(1):e001658.

Volume 2 Issue 4 (2024)

doi: 10.36922/bh.4521


https://dx.doi.org/10.36922/bh.4521
http://dx.doi.org/10.1007/s44197-024-00187-8
http://dx.doi.org/10.1016/j.cardiores.2003.12.022

Brain & Heart

Stem cells in cardiovascular disease

10.

11.

12.

13.

14.

15.

doi: 10.1136/openhrt-2021-001658

Zhang Y, Mignone J, MacLellan WR. Cardiac regeneration
and stem cells. Physiol Rev. 2015;95(4):1189-1204.

doi: 10.1152/physrev.00021.2014

Yoshida Y, Yamanaka S. Induced pluripotent stem
cells 10 years later: For cardiac applications. Circ Res.
2017;120(12):1958-1968.

doi: 10.1016/j.ijsu.2013.05.037

Escriba R, Larranaga-Moreira JM, Richaud-Patin Y, et al.
iPSC-based modeling of variable clinical presentation in
hypertrophiccardiomyopathy. Circ Res.2023;133(2):108-119.

doi: 10.1161/CIRCRESAHA.122.321951

Bryl R, Kulus M, Bryja A, et al. Cardiac progenitor cell
therapy: Mechanisms of action. Cell Biosci. 2024;14:30.

doi: 10.1186/s13578-024-01211-x

Natsumeda M, Suncion V, Balkan W, Hare J. The impact of
intramyocardial mesenchymal stem cell injection according
to scar size for the treatment of ischemic cardiomyopathy.
J Am Coll Cardiol. 2016;67(13 Supplement):158-158.

doi: 10.1016/S0735-1097(16)30159-0

Bartunek J, Wojakowski W. Intracoronary autologous bone
marrow cell transfer after acute myocardial infarction: Abort
and refocus. Eur Heart J. 2017;38(39):2944-2947.

doi: 10.1093/eurheartj/ehx300

Povsic TJ. Emerging therapies for congestive heart failure.
Clin Pharmacol Ther. 2018;103(1):77-87.

doi: 10.1002/cpt.913

Correia CD, Ferreira A, Fernandes MT, et al. Human stem
cells for cardiac disease modeling and preclinical and
clinical applications-are we on the road to success? Cells.
2023;12(13):1727.

doi: 10.3390/cells12131727

Clinical Trials, National Library of Medicine (National
Center for Biotechnology Information. Available from:
https://clinicaltrials.gov [Last accessed on 2024 Oct 17].

Ratajczak MZ, Ratajczak J, Kucia M. Very small embryonic-
like stem cells (VSELs) — an update and future directions.
Circ Res. 2019;124(2):208-210.

doi: 10.1161/CIRCRESAHA.118.314287

Gounari E, Daniilidis A, Tsagias N, et al. Isolation of a novel
embryonic stem cell cord blood-derived population with
in vitro hematopoietic capacity in the presence of Wharton’s
jelly-derived mesenchymal stromal cells. Cytotherapy.
2019;21(2):246-259.

doi: 10.1016/j.jcyt.2018.11.006

Sedldkova V, Mourcos S, Pupkaité ], et al. Biomaterials for
direct cardiac repair-A rapid scoping review 2012-2022.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Acta Biomater. 2024;180:61-81.
doi: 10.1016/j.actbio.2024.04.008

Liu W, Zhang X, Jiang X, et al. Decellularized extracellular
matrix materials for treatment of ischemic cardiomyopathy.
Bioact Mater. 2024;33:460-482.

doi: 10.1016/j.bioactmat.2023.10.015

Prat-Vidal C, Rodriguez-Gémez L, Aylagas M, et al. First-
in-human PeriCord cardiac bioimplant: Scalability and
GMP manufacturing of an allogeneic engineered tissue
graft. EBioMedicine. 2020;54:102729.

doi: 10.1016/j.ebiom.2020.102729

Sun X, Wu J, Qiang B, et al. Transplanted microvessels
improve pluripotent stem cell-derived cardiomyocyte
engraftment and cardiac function after infarction in rats. Sci
Transl Med. 2020;12(562):eaax2992.

doi: 10.1126/scitranslmed.aax2992

Saeed S, Khan SU, Khan WU, et al. Genome editing
technology: A new frontier for the treatment and
prevention of cardiovascular diseases. Curr Probl Cardiol.
2023;48(7):101692.

doi: 10.1016/j.cpcardiol.2023.101692

Schary Y, Rotem I, Caller T, et al. CRISPR-Cas9 editing of
TLR4 to improve the outcome of cardiac cell therapy. Sci
Rep. 2023;13(1):4481.

doi: 10.1038/s41598-023-31286-4

Bao X, Liang Y, Chang H, et al. Targeting proprotein
convertase subtilisin/kexin type 9 (PCSK9): From bench to
bedside. Signal Transduct Target Ther. 2024;9(1):13.

doi: 10.1038/s41392-023-01690-3

Bakinowska E, Kietbowski K, Boboryko D, et al. The role of
stem cells in the treatment of cardiovascular diseases. Int J
Mol Sci. 2024;25(7):3901.

doi: 10.3390/ijms25073901

Chamuleau SA, van Belle E, Doevendans PA. Enhancing
cardiac stem cell differentiation into cardiomyocytes.
Cardiovasc Res. 2009;82(3):385-387.

doi: 10.1093/cvr/cvpl14

Wu R, Hu X, Wang J. Concise review: Optimized strategies
for stem cell-based therapy in myocardial repair: Clinical
translatability and potential limitation. Stem  Cells.
2018;36(4):482-500.

doi: 10.1002/stem.2778

Olatunji G, Kokori E, Yusuf I, et al Stem cell-based
therapies for heart failure management: A narrative review
of current evidence and future perspectives. Heart Fail Rev.
2024;29(3):573-598.

doi: 10.1007/s10741-023-10351-0

Volume 2 Issue 4 (2024)

doi: 10.36922/bh.4521


https://dx.doi.org/10.36922/bh.4521
http://dx.doi.org/10.1136/openhrt-2021-001658
http://dx.doi.org/10.1152/physrev.00021.2014
http://dx.doi.org/10.1016/j.ijsu.2013.05.037
http://dx.doi.org/10.1161/CIRCRESAHA.122.321951
http://dx.doi.org/10.1186/s13578-024-01211-x
http://dx.doi.org/10.1016/S0735-1097(16)30159-0
http://dx.doi.org/10.1093/eurheartj/ehx300
http://dx.doi.org/10.1002/cpt.913
http://dx.doi.org/10.3390/cells12131727
http://dx.doi.org/10.1161/CIRCRESAHA.118.314287
http://dx.doi.org/10.1016/j.jcyt.2018.11.006
http://dx.doi.org/10.1016/j.actbio.2024.04.008
http://dx.doi.org/10.1016/j.bioactmat.2023.10.015
http://dx.doi.org/10.1016/j.ebiom.2020.102729
http://dx.doi.org/10.1126/scitranslmed.aax2992
http://dx.doi.org/10.1016/j.cpcardiol.2023.101692
http://dx.doi.org/10.1038/s41598-023-31286-4
http://dx.doi.org/10.1038/s41392-023-01690-3
http://dx.doi.org/10.3390/ijms25073901
http://dx.doi.org/10.1093/cvr/cvp114
http://dx.doi.org/10.1002/stem.2778
http://dx.doi.org/10.1007/s10741-023-10351-0

Brain & Heart

Stem cells in cardiovascular disease

26.

27.

28.

29.

30.

Liu C, Han D, Liang P, et al. The current dilemma and
breakthrough of stem cell therapy in ischemic heart disease.
Front Cell Dev Biol. 2021;9:636136.

doi: 10.3389/fcell.2021.636136

Szaraz P, Gratch YS, Igbal F, Librach CL. Invitro differentiation
of human mesenchymal stem cells into functional
cardiomyocyte-like cells. J Vis Exp. 2017;126:55757.

doi: 10.3791/55757

Farahzadi R, Fathi E, Valipour B, Ghaffary S. Stem cells-
derived exosomes as cardiac regenerative agents. Int ]
Cardiol Heart Vasc. 2024;52:101399.

doi: 10.1016/j.ijcha.2024.101399

Afzal ], Liu Y, Du W, et al. Cardiac ultrastructure inspired
matrix induces advanced metabolic and functional
maturation of differentiated human cardiomyocytes. Cell
Rep. 2022;40(4):111146.

doi: 10.1016/j.celrep.2022. 111146
OttavianiD,terHuurneM, ElliottDA, Bellin M, MummeryCL.

31.

32.

33.

Maturing  differentiated human  pluripotent  stem
cells in vitro: Methods and challenges. Development.
2023;150(11):dev201103.

doi: 10.1242/dev.201103

Lovell-Badge R, Anthony E, Barker RA, et al. ISSCR
Guidelines for stem cell research and clinical translation:
The 2021 update. Stemn Cell Reports. 2021;16(6):1398-1408.

doi: 10.1016/j.stemcr.2021.05.012

Rojewski MT, Fekete N, Baila S, et al. GMP-Compliant
isolation and expansion of bone marrow-derived MSCs
in the closed, automated device quantum cell expansion
system. Cell Transplant. 2013;22(11):1981-2000.

doi: 10.3727/096368912X657990

Codinach M, Blanco M, Ortega I, et al. Design and validation
of a consistent and reproducible manufacture process for
the production of clinical-grade bone marrow-derived
multipotent mesenchymal stromal cells. Cytotherapy.
2016;18(9):1197-1208.

doi: 10.1016/j.jcyt.2016.05.012

Volume 2 Issue 4 (2024)

10

doi: 10.36922/bh.4521


https://dx.doi.org/10.36922/bh.4521
http://dx.doi.org/10.3389/fcell.2021.636136
http://dx.doi.org/10.3791/55757
http://dx.doi.org/10.1016/j.ijcha.2024.101399
http://dx.doi.org/10.1016/j.celrep.2022.111146
http://dx.doi.org/10.1242/dev.201103
http://dx.doi.org/10.1016/j.stemcr.2021.05.012
http://dx.doi.org/10.3727/096368912X657990
http://dx.doi.org/10.1016/j.jcyt.2016.05.012

ACCSCIENCE
PUBLISHING

Brain & Heart

tThese authors contributed equally
to this work.

*Corresponding author:
Kohji Fukunaga
(kfukunaga@tohoku.ac.jp)

Citation: Luo S, Wang Y,

Fukunaga K. Deciphering molecular
atlas of Alzheimer’s disease: A
comprehensive bioinformatic
analysis of gene expression and
protein interaction networks.

Brain & Heart. 2024;2(4):2906.

doi: 10.36922/bh.2906

Received: February 8, 2024
Accepted: May 23, 2024
Published Online: August 29, 2024

Copyright: © 2024 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

ORIGINAL RESEARCH ARTICLE

Deciphering molecular atlas of Alzheimer’s
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Abstract

Alzheimer’s disease (AD) represents a formidable challenge in the realm of
neurodegenerative research due to its complex pathology. Despite tremendous
scientificendeavors, theintricate molecularunderpinnings of AD remainincompletely
understood, necessitating a multidimensional approach to decipher its complexity. In
this study, we analyzed differential gene expression, gene ontology (GO) enrichment,
and protein—-protein interaction (PPl) networks using advanced bioinformatics
tools to dissect the molecular landscape of AD. Initially, our research identified 732
differentially expressed genes (DEGs), which provided a comprehensive view of the
genetic disruptions associated with AD. The results of subsequent GO enrichment
analyses revealed that DEGs were enriched in several critical biological processes,
predominantly including translation, neuroinflammation, and synaptic functionality,
underscoring the multifaceted nature of AD pathology. The PPI network analysis
further unveiled the central role of ribosomal proteins, such as RPL12, RPL15, RPL18,
RPL19, RPL27, RPL35, RPL36, RPS16, RPS19, and RPS9, establishing a novel link
between protein synthesis disruptions and the molecular mechanisms of AD. These
results not only deepen the understanding of molecular mechanisms underlying AD
but also illuminate potential therapeutic pathways and biomarkers for AD. Overall,
our comprehensive bioinformatics exploration unraveled the complex molecular
mechanisms that govern AD pathogenesis and highlighted promising new targets
for the diagnosis and treatment of AD, creating a foundational framework for future
research on AD.

Keywords: Alzheimer’s disease; Differential gene expression; Bioinformatics; Protein—
protein interaction; Molecular mechanisms

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that not only
impairs the cognition and memory of patients but also severely compromises the
emotional and physical well-being of patients and family caregivers. As the global
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population ages, understanding and addressing this
condition has become increasingly urgent. The etiology
of AD is notoriously complex, ranging from molecular
dysfunction to cellular dysfunction. Central to AD
pathogenesis is the pathological accumulation of amyloid-
beta (AP) peptides and neurofibrillary tangles (NFTs)
composed of hyperphosphorylated tau, which collectively
contribute to synaptic degradation and neuronal death.'”
The trafficking of amyloid precursor proteins (APP)
and secretases within neurons, modulated by numerous
proteins, further exacerbates AP production and
accumulation, thereby influencing the disease process.*
Although Af-targeted therapeutic strategies have been
extensively investigated, most have failed to demonstrate
significant clinical efficacy. Therefore, the search for new
protein targets or biomarkers for AD is both important
and urgent,’ potentially offering new approaches for the
prevention and treatment of AD.

Recent studies have unraveled that dysregulated APP
processing, fueled by alterations in the AP40/42 ratio,
is a pivotal contributor to AD’s molecular pathology.
In addition, APP processing dysregulation is often
propelled by mutations in genes, including PSENI, which
are common in familial AD. These genetic mutations
primarily affect the cleavage of APP by y-secretase,
skewing the production of AP peptides.® Consequently,
a convoluted interplay among gene mutations, protein
processing, and intracellular transport orchestrates AD’s
molecular landscape. Understanding these multifaceted
molecular interactions is crucial for the development of
targeted therapeutic strategies. In addition, the molecular
intricacies of AD can be further unraveled by analyzing
nuances in mechanisms, such as the trafficking of APP
and the activity of secretases.” As research progresses,
it is increasingly necessary to develop a multi-targeted
approach addressing various aspects of the molecular basis
for effectively combating AD.%?

In several studies, AD animal models have been
utilized to examine disease-related changes in the brain.?
Nevertheless, these animal studies have limitations, one
of which is the inability to fully replicate the pathology
of human AD. In addition, key metabolic pathways and
regulators in AD have been analyzed using epigenomic,
transcriptomic, proteomic, metabolomic, and genomic
profiles from human-derived samples, facilitating the
search for diverse targets for preventive or therapeutic
interventions."

It is well-reported that the entorhinal cortex is the
first cortical region influenced by the neurodegenerative
process of AD, followed by the hippocampus and limbic
system, and, ultimately, the neocortex.’ In our study, we

utilized a gene expression dataset from the entorhinal
cortex of 10 patients with mid-stage AD (GSE4757)
for a multifaceted investigation integrating advanced
bioinformatics techniques and computational tools. This
investigation encompassed three crucial dimensions:
differential gene expression analysis, gene ontology (GO)
enrichment analysis, and protein—protein interaction
(PPI) network analysis. Each dimension provided a unique
perspective on the molecular landscape of AD, thereby
increasing the knowledge of this disease.

In our study, numerous differentially expressed genes
(DEGs) were identified'>”® by comparing AD samples
with control samples within GSE4757, illuminating the
extensive genetic alterations underlying AD." These DEGs
may serve as potential biomarkers for early diagnosis and
promising targets for treatment in AD. Accordingly, GO
enrichment analysis was performed on these DEGs" to
reveal the biological functions and pathways significantly
associated with AD. The GO results underscored the
multifaceted nature of AD pathology and offered a robust
foundation for further exploration of specific molecular
pathways contributing to AD pathogenesis. Finally, the PPI
network was analyzed using the STRING database (https://
string-db.org/)!*"” and Cytoscape software to unveil densely
connected regions and hub genes within the AD-related
network. The results highlighted ribosomal proteins
as key players in AD, hinting at potential connections
between protein synthesis processes and AD pathogenesis.
These results challenge traditional paradigms and open a
novel avenue for research on the molecular basis of AD.
Furthermore, several genes, including RPL15 and RPS19,
were identified as hub genes by the CytoHubba plugin in
Cytoscape, which may serve as key factors in the intricate
interaction network of AD. The identification of these
hub genes sheds light on the critical nodes orchestrating
AD-related pathways.

This study probed the molecular mechanisms of
AD using bioinformatics and computational biology,
providing critical insights into genetic alterations,
disrupted pathways, and central players in AD. Through
data and computational analyses, this multidimensional
exploration enriched the understanding of AD pathology
and advanced the search for effective treatments and
diagnostic tools for AD.

2. Materials and methods

2.1. Data preprocessing

GSEA4757 is a public gene expression dataset in the Gene
Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/) maintained by the National Center
for Biotechnology Information. This dataset pertains to a
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study on AD and focuses on the molecular mechanisms
underlying NFT formation, a hallmark of AD pathology.
In this dataset, laser capture microdissection was utilized
to select 1,000 neurons with NFTs and 1,000 normal
neurons from the entorhinal cortex of 10 patients with
mid-stage AD (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgitacc=GSE4757)."%%° Each patient’s contribution
to the neuron pool was carefully balanced to ensure
representativeness. Pooling was performed by combining
the extracted RNA from the respective neuron types across
all patients before conducting the microarray analysis.
Here, the term “normal” refers to neurons without visible
neurofibrillary tangles when examined under a microscope.
Although these neurons are from a diseased environment,
they do not exhibit the specific pathological hallmark
(NFTs) and thus serve as a comparative baseline within the
scope of our study. Mid-stage AD aligns with the moderate
stage of the disease, characterized by more pronounced
deterioration in cognitive functions, significantly impairing
patients’ ability to perform daily activities independently
but not yet encompassing the severe end-stage symptoms.
GSE4757 was downloaded from the GEO database with the
GEOquery package or analogous tools.

2.2. DEG analysis

To screen AD-related DEGs, bioinformatics analyses were
conducted using the R package “limma,” which is integral to
the Bioconductor project. The microarray dataset GSE4757
acquired from the GEO database®® was subjected to
data preprocessing, normalization, and quality control.
Subsequent to preprocessing, the ‘limma’ package was
used to construct a linear model for each gene, and gene
expression was compared between AD and control samples
to identify genes with significantly altered expression. The
empirical Bayes method in ‘limma’ was then applied to
minimize the standard errors of the estimated log-fold
changes, thereby enhancing the reliability of the inferences
drawn from the dataset. DEGs** were selected with
stringent criteria: absolute log-fold change (|log FC|) =1
and p < 0.05, thus ensuring that only the most statistically
significant genes were included.

2.3. GO enrichment analysis

To determine AD-related gene expression profiles,
the GO enrichment analysis was performed with the
R clusterProfiler package, a powerful tool within the
Bioconductor project designed for comparing and
visualizing biological themes among gene clusters, to
decipher the biological functions and pathways significantly
associated with the disease.’**® The enrichment analysis
was carried out after the identification of DEGs from the
dataset. The DEGs were mapped to GO terms with the

clusterProfiler package, and the overrepresentation of these
terms was tested with a hypergeometric distribution model.
The analysis was conducted using the human genome as
a reference to clarify the specificity of the functions and
pathways enriched in AD. Following the enrichment
process, the results were visualized with enrichplot and
ggplot2 packages. Specifically, enrichplot was used to
generate bubble plots that comprehensively displayed the
enriched GO terms, incorporating factors such as gene
ratio and significance levels, while ggplot2 was utilized to
create bar plots that concisely display the most significant
GO terms based on their p-values. Supplementary File lists
the genes that were found to be significantly upregulated
in the AD samples compared to control samples. Each
entry includes the gene’s identifier, common name, log
fold change quantifying the level of upregulation, and
the p-value indicating the statistical significance of this
change. The genes listed here meet the criteria of absolute
log fold change (|log FC|) =1 and p < 0.05, highlighting
their potential relevance in AD pathology.

2.4. PPl network construction

To explore the molecular interplay underlying AD, the PPI
network was constructed and analyzed with an approach
that integrated the STRING database and Cytoscape
software. This integration provided a platform for the
visualization of molecular interaction networks. The use of
the STRING database ensured that only interactions with
substantial evidence were included in our analysis,” as it
is instrumental in obtaining high-confidence interactions
based on a predefined threshold. After obtaining the PPI
network using STRING, the data were imported into
Cytoscape, a versatile tool for analyzing and visualizing
complex networks. The Molecular Complex Detection
(MCODE) plugin in Cytoscape, which operates by scoring
network nodes based on local neighborhood density and
recursively expands clusters based on pre-set parameters,
was applied to identify densely connected regions. These
regions are indicative of molecular complexes or significant
biological modules in the large network.

2.5. Hub gene identification

The CytoHubba plugin in Cytoscape® is a versatile tool
for identifying hub genes and significant molecular
interactions, offering a variety of ranking algorithms
to assess the centrality of nodes within the network.
CytoHubba was utilized to analyze the intricate interactions
among enriched genes. Considering factors such as degree,
betweenness, or closeness centrality, an appropriate
algorithm was selected to determine hub genes in AD.
Subsequently, the interconnectivity among these hub genes
was analyzed and visualized with Cytoscape.
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2.6. MicroRNA-hub gene regulatory network analysis

The microRNA (miRNA)-hub gene regulatory network
was constructed using the miRNet database (https://www.
mirnet.ca/),”* a comprehensive database containing both
predicted and experimentally confirmed miRNA-target
interactions with a range of innovative features. Briefly,
hub genes were identified from the DEGs using the miRNet
database, followed by the visualization and refinement of
the miRNA-hub gene regulatory network with Cytoscape
software (version 3.8.2).

2.7.Hub gene validation through receiver-operating
characteristic curve analysis

Receiver-operating characteristic (ROC) curve analyses
were performed using the R package pROC to evaluate the
diagnostic potential of the hub genes for AD.?® This analysis
enabled the examination of the sensitivity and specificity
of the hub genes as biomarkers for AD. The prediction
accuracy was quantified by calculating the area under the
ROC curve (AUC), which is an indicator for comparing
the diagnostic efficacy of the identified genes.

3. Results
3.1. DEG identification

Initially, differential gene expression was conducted by
comparing AD samples with control samples within
GSE4757.2% A substantial number of DEGs were screened
with the R package limma (Figure 1). This data were
further refined with the criteria of |log FC| =1 and p < 0.05,

Color key

identifying 732 DEGs, including 465 upregulated genes
and 267 downregulated genes (Supplementary Files).
This important finding unraveled the extensive genetic
alterations associated with AD, providing crucial insights
for further investigation. The identified DEGs could
potentially serve as biomarkers for early diagnosis or
targets for therapeutic interventions in AD.

3.2. Functional enrichment analysis

A comprehensive GO enrichment analysis was performed
to delineate the functional involvement of the retrieved
genes in AD-related pathways, which was critical in
uncovering the biological implications of the identified
DEGs.

GO enrichment analysis results exhibited significant
pathways and functions in AD (Figure 2). Specifically, the
cytosolic ribosome (GO:0022626) was identified as a key
component since 26 of 498 genes of interest were enriched
in this pathway, suggesting the substantial involvement of
these genes in ribosomal function, which is vital for protein
synthesis and cellular homeostasis. Moreover, 29 out of
485 genes were enriched in the cytoplasmic translation
(GO:0002181) pathway, underscoring potential alterations
in protein translation processes in AD. In addition, 28 and
29 genes were respectively enriched in ribosomal subunit
(GO:0044391) and ribosome (GO:0005840), indicating
possible disruptions or modifications in ribosomal
structure and function in AD. Moreover, 26 out of 507 genes
were significantly enriched in the structural constituent of
the ribosome (GO:0003735) pathway, further affirming the
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Figure 1. Overview of the GSE4757 heatmap illustrating the comparative analysis of the top 30 significant differentially expressed genes in Alzheimer’s
disease (AD) vs. normal controls. The color gradient, ranging from blue to red, represents gene expression levels, with blue indicating low expression and
red denoting high expression. In the heatmap, the AD group is positioned on the right and marked in red, while the normal control group is on the left.
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Figure 2. Gene ontology (GO) enrichment analysis of differentially expressed genes in Alzheimer’s disease (AD). The bar chart represents the number
of genes (A), while the bubble plot represents the proportion of genes (B) associated with the top 10 enriched GO terms. The color gradient indicates the
p-value, with a significance threshold of p < 0.05, highlighting the most statistically significant terms related to AD pathology.

importance of ribosomal components in the pathogenesis
of AD.

These GO results collectively underscore the profound
impact of ribosomal functions and protein synthesis
processes on AD, providing valuable insights into molecular
mechanisms underpinning the disease. In addition, these
results are beneficial for boosting the understanding of AD
progression and offer new avenues for the development of
therapeutic interventions for AD.

3.3. Module screening from the PPl network

The PPI network was constructed using the STRING
database, based on intersected genes derived from three
datasetsand text mining, to elucidate the complex interaction
networks vital for the pathogenesis of AD. Several significant
clusters of interacting proteins were identified (Figure 3).
One notable cluster (cluster 1) achieved a high confidence
score of 0.432, illustrating a robust set of interactions among
the involved proteins. This cluster consisted of proteins
predominantly associated with key biological processes
and molecular functions associated with AD. Subsequently,
individual protein interactions within these clusters were
examined and categorized based on various confidence
measures, including co-expression, experimental evidence,
and text mining scores. For example, the interaction
between proteins represented by ENSP00000009530
and ENSP00000498019 had a high STRING confidence
score of 0.978, supported by co-expression data (score:
0.829) and experimental evidence (score: 0.842). These
interactions collectively formed a network, offering a deeper
understanding of molecular mechanisms underlying AD.

3.4. Hub genes

Our analysis identified a subset of genes as central nodes in
the PPI network, commonly referred to as hub genes. These

genes are crucial due to their high connectivity degree
and potential regulatory significance in disease-related
molecular networks. Among the identified hub genes, the
top 10 were RPL12, RPL15, RPL18, RPL19, RPL27, RPL35,
RPL36, RPS16, RPS19, and RPS9 (Figure 4). Importantly,
all these genes encoded ribosomal proteins, which are
integral components of the ribosome responsible for
protein synthesis. The prominence of ribosomal proteins
among the hub genes underscores the possible link between
protein synthesis processes and the etiology of AD.

RPLI12 and RPLI5, the top two hub genes, are
implicated in the translational control of key proteins and
play roles in cellular stress responses. RPL18 and RPL19 are
associated with apoptosis, which is often dysregulated in
neurodegenerative diseases. The identification of RPL27,
RPL35, and RPL36, which also encode proteins belonging
to the ribosomal protein family, further supports the
hypothesis that ribosome function might be impaired in
AD. The small ribosomal subunits, encoded by the hub
genes RPS16, RPS19, and RPS9, are essential for translation
initiation and are linked to neurodevelopmental and
neurodegenerative processes. The identification of these
hub genes offers a novel insight into the potential molecular
mechanisms of AD and suggests alterations in ribosomal
function as a hallmark of the disease.

3.5. MicroRNA-hub gene regulatory network
construction

The constructed network comprised 212 nodes,
encompassing five hub genes (RPL12, RPL15, RPLIS,
RPL19, and RPL27) and 207 miRNAs (Figure 5). The
large pink nodes were central to the network and denoted
ribosomal proteins, indicating their potential regulatory
significance. Each ribosomal protein node was connected
by lines (edges) to multiple small blue nodes, each
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Figure 3. Construction of protein-protein interaction networks showing the top four significant gene modules
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Figure 4. Top 10 hub genes

representing a specific miRNA, such as hsa-miR-103-3p
and hsa-miR-484-3p. The thickness of the edges in this

network corresponded to the strength or confidence of
the interaction data. The extensive web of connections
visualized the complexity of the post-transcriptional
regulation of these ribosomal components by miRNAs. In
terms of connectivity, the network comprised 248 edges,
highlighting the relationships between miRNAs and their
target genes. Some of the hub genes were targeted by a high
number of miRNAs; for instance, RPL15 was targeted by 81
miRNAs, RPL12 by 60 miRNAs, and RPL18 by 43 miRNAs.
In addition, RPL27 and RPL19 were targeted by a relatively
lower number of miRNAs (32 and 31, respectively).

These results illustrated the complex interplay between
miRNAs and hub genes in the regulatory network and
underscored the potential for miRNAs to highly regulate
these proteins, suggesting that sophisticated gene
expression control is relevant to both normal cellular
function and disease states. The identification of these
hub genes and their associated miRNAs provided valuable
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Figure 5. Network diagram of top five hub genes and microRNA interactions

insights into the molecular mechanisms underlying
various biological processes and diseases.

3.6. Validation of hub genes through receiver-
operating characteristic curve analysis

Receiver-operating characteristic curves were plotted for
five genes (RPL12, RPL15, RPL18, RPL19, and RPL27), and
corresponding AUC values were calculated to quantify
the ability of gene expression to discriminate between AD
patients (case) and normal individuals (control) (Figure 6).
The results showed that the AUC values of these genes
varied from 0.73 to 0.86, indicating their moderate to high
discriminatory performance. A higher AUC value was
associated with better performance of gene expression in
discriminating between the two groups. The highest AUC
value (0.86) was observed for RPL18, indicating that RPL18
may be the most effective and reliable single predictor
among the tested ribosomal proteins for differentiating
AD from normal status. The ROC curves were located
markedly above the diagonal line of no discrimination,
reflecting a clear distinction between the control and case
groups. These results underscore the potential of these
ribosomal proteins as biomarkers for AD, with varying
degrees of sensitivity and specificity.

4. Discussion

In this study, comprehensive analyses incorporating
differential gene expression analysis, GO enrichment
analysis, and PPI network analysis were conducted,
providing essential insights into the cytosolic ribosome
mechanism underlying AD and offering a panoramic view
of the molecular landscape of AD. In addition, ribosomal
proteins were revealed as key players in AD, hinting at
potential connections between protein synthesis processes
and AD pathogenesis. These findings challenge traditional
paradigms and open new avenues for research on the
molecular basis of AD.

The differential gene expression analysis identified 732
DEGs in AD, highlighting that extensive genetic alterations
are associated with the disease. These DEGs may serve as
potential biomarkers for early diagnosis and novel targets
for therapeutic interventions. The GO enrichment analysis
of these DEGs shed light on the biological functions and
pathways impacted in AD, revealing that the prominently
enriched biological functions and pathways were related to
neuroinflammation, synaptic transmission, and neuronal
development, emphasizing the multifaceted nature of AD
pathology. These findings form a robust foundation for
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Figure 6. Receiver operating characteristic curves for the top five human ribosomal protein-encoding genes
Abbreviations: AUC: Area under the curve; ROC: Receiver operating characteristic.

the further exploration of specific molecular pathways
contributing to AD pathogenesis. Subsequently, the PPI
network analysis revealed densely connected regions and
hub genes in the AD-related network. The construction
of the PPI network, particularly the discovery of the
prominent clusters and their high-confidence interactions,
offers new targets for therapeutic interventions or
potential biomarkers for early diagnosis in AD. The
identification of hub genes, including RPLI2, RPLI5,
RPL18, RPL19, RPL27, RPL35, RPL36, RPS16, RPS19, and
RPS9, underlines the potential significance of ribosomal
proteins and translational control in AD. Accordingly, the
roles of these genes in neurodegeneration warrant further
research,’?? and further functional studies on these hub
genes may uncover new therapeutic targets and contribute
to the development of preventive and therapeutic strategies
for AD.

Moreover, the CytoHubba plugin in Cytoscape was
used to identify hub genes in the PPI network. These
hub genes, including RPL15 and RPS19,**** may be key
mediators of AD-related pathways and warrant further
research attention. In the realm of AD research, RPLIS8
has emerged as a potential biomarker, evidenced by its

high AUC value in the ROC curve analysis. A prior study
exhibited that RplI8 was markedly upregulated in the
hippocampus of APP/PS1 mice, illustrating that this gene
may be related to the pathogenesis of AD.” Consistently,
our results displayed a substantial association between
RPL18 expression and AD pathophysiology, providing a
compelling argument for its role in the early detection of
AD. In addition to protein synthesis, ribosomal proteins
possess a wide range of extra-ribosomal functions, such
as modulating gene transcription, mRNA translation,
cell proliferation, cell differentiation, and cell apoptosis
independently of the ribosome.” Therefore, the tight
regulation of ribosomal protein expression is essential to
maintain the normal physiological function of cells.

The ribosome is an intracellular organelle composed of
multiple rRNAs and small (40S) and large (60S) subunits
responsible for protein translation in eukaryotic cells.””
The implication of ribosomal proteins, including RPL12,
RPL15, RPL19, RPL27, RPL35, RPL36, RPS16, RPSI19,
and RPS9 in AD, emphasizes a potentially complex
relationship between protein synthesis processes and
neurodegeneration, which calls for further molecular
interrogation.*®* The combination of these analyses offers
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a comprehensive picture of the molecular landscape of AD,
underlining the complexity of the disease. The identified
genes, pathways, and hub proteins collectively place the
spotlight on the ribosomal protein pathway associated with
AD pathogenesis. Prior proteomic analyses of AD donors
revealed that 28 ribosomal proteins were significantly
upregulated in AD samples, among which RPL12, RPL15,
RPL18, RPL27, RPL35, and RPS16 overlapped with the hub
genes identified in our study. This prior study also exhibited
that ribosomal proteins were upregulated only in the brain
capillaries but not in the brain parenchyma, signifying the
functional impairment of the blood-brain barrier (BBB).*
The relationship between the functional impairment of the
BBB and neuroinflammation in AD was also demonstrated
in our previous study.*' In addition to their canonical roles
in protein synthesis, ribosomal proteins, including hub
genes in our study (such as RPL12, RPL15, RPL18, RPL19,
and RPL27), have been implicated in a variety of extra-
ribosomal functions responsible for cellular homeostasis
and stress responses. Of note, several ribosomal proteins
have been demonstrated to interact with MDM2 protein,
a key regulator of the tumor suppressor p53. Under
conditions of cellular stress, such interactions can stabilize
and activate p53, thereby initiating a cascade of events that
can cause cell cycle arrest, DNA repair, or apoptosis. Our
bioinformatic analysis also demonstrated the presence of
ribosomal pathway abnormalities in the entorhinal cortex.

Our findings are concordant with previous studies that
have underscored the importance of neuroinflammation,
synaptic dysfunction, and protein synthesis dysregulation
in AD.*2# Innovatively, our study offered a novel
perspective by spotlighting specific genes and pathways
among these factors. Importantly, our results unravel
that ribosomal proteins, traditionally associated with
protein synthesis, may exert multifaceted effects on AD by
potentially mediating neuroinflammation and maintaining
synaptic integrity. This finding opens a new avenue for
probing the crosstalk between these two processes and
their contribution to disease progression. Nevertheless, the
detailed mechanismsby which ribosomal proteins influence
AD remain unclear. Accordingly, further molecular
biological studies are warranted to analyze the involvement
and sequence of events of ribosomal proteins in AD and to
examine potential differences in the expression patterns of
specific proteins among the identified hub genes and their
implications in AD pathology.

As the samples and sequencing data utilized in this
study were not originally prepared by the authors, there
is a potential for biases that could influence the results.
These gaps, due to the reliance on pre-existing data sets,
may introduce variables that are not accounted for in our

study design, potentially leading to biased or misleading
results. In addition, our study has not independently
validated the findings through experimental or additional
computational methods, which is an evident limitation in
affirming the reliability of our conclusions.

5. Conclusion

Our multifaceted analyses provide precious insights into
the molecular complexity of AD. The identified genes,
pathways, and hub proteins related to ribosomal function
form the basis for future mechanistic studies and the search
for therapeutic targets.
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Abstract

Cardiac autonomic modulation (CAM), which is regulated by the balance
between the sympathetic and parasympathetic nervous systems, is involved in
various physiological and pathological conditions. Heart rate variability (HRV)
analysis has been used to explore the complex relationship between the brain
and heart, as described by Porges’ polyvagal theory and Thayer’s neurovisceral
integration model. Recently, an automated calculation of new parasympathetic,
sympathetic, and Baevsky stress indexes based on HRV parameters has been
introduced for faster and more comprehensive CAM assessment, though their
normal ranges remain undefined. This study aimed to determine the average
values of these indexes in a healthy population of different ages during rest,
daily activities, non-rapid eye movement sleep, graded physical effort, and acute
psychophysiological stress. At rest, the parasympathetic and sympathetic indexes
were consistently within the proposed normal range and inversely related.
However, Baevsky stress index values from Kubios were higher than expected,
conflicting with the assumption that they are simply the square root of those
calculated using the original formula. Despite this, time-varying assessment of all
indexes can provide valuable insights into CAM adaptation during physical effort
and acute psychophysiological stress in real-world critical situations. Notably,
our novel finding shows that the inverse correlation between parasympathetic
and sympathetic/stress indexes under stress is better explained by non-linear
functions, offering a potential new measure of brain-heart interaction during
real-life critical events.

Keywords: Heart rate variability; Autonomic nervous system; Sympathetic nervous
system; Parasympathetic nervous system; Baevsky stress index; Psychophysiological
stress
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1. Introduction

Cardiac autonomic modulation (CAM), regulated
by the balance between the sympathetic (SNS) and
parasympathetic nervous systems (PNS), is vital in both
health and disease, making its evaluation crucial.*? The
study of heart rate variability (HRV), which reflects
autonomic nervous system (ANS) function, began in the
1960s, initially for monitoring astronauts in space.’ Since
the 1980s, HRV analysis has been widely used as a non-
invasive method to evaluate CAM in clinical settings, with
autonomic imbalance recognized as a strong predictor of
all-cause cardiac mortality.*

Early HRV assessments followed a “reductionist”
approach,’ relying on linear methods such as time-domain
(TD) and frequency-domain (FD) analysis.**” Many studies
were based on the premise that increased sympathetic
activity corresponds with decreased parasympathetic
activity, with the spectral low frequency/high frequency
(LE/HF) ratio suggested as a marker for stress responses,
though this remains debated.”*

HRV tends to decline with age due to structural and
functional changes,’’? and significant reductions in HRV
are associated with lower life expectancy and various
diseases.>* ' It is important to note that the LF component
is not exclusively a marker of sympathetic activity, as both
SNS and PNS influence LE® In addition, the very-low-
frequency (VLF) band may reflect broader systemic stress,
not just cardiac stress.'”?!

A more systematic perspective suggests that HRV is
not only a marker of ANS dysfunction but also a means
for understanding interactions between bodily systems,
especially between the brain and cardiovascular system.’
In health, “organized variability” is present, whereas
disease leads to a “decomplexification” of this variability,
resulting in more periodic and cyclic behaviors, as seen in
conditions such as Cheyne-Stokes breathing, Parkinson’s
disease tremors, or cyclic neutrophil oscillations in chronic
myelogenous leukemia.?

The vagal system plays a key role in brain-heart
interaction, particularly in stress regulation, as explained by
Porges’ “polyvagal theory”*? and Thayer’s “neurovisceral
integration model,” which links HRV to emotional and
stress responses.”

To better study these complex interactions, non-linear
(NL) mathematical methods have been introduced. For
instance, NL entropy is associated with vagal activity,
whereas recurrence plot analysis reflects sympathetic
activation.”” In stress-related studies, such as those
examination-induced stress, combining linear and NL
methods has improved stress detection.”> Mathematical

models for the time-varying analysis of both linear and NL
HRV parameters have enhanced the ability to assess CAM
responses to clinical or real-world stressors, even in real
time. >

Recently, the software has been developed to
automatically compute time-varying parasympathetic
(PNSi), sympathetic (SNSi), and Baevsky stress (BSTRi)
indexes, enabling faster assessments of CAM, particularly
in acute stress situations.*” Although HRV parameters are
well-established, the normal ranges for these new indexes,
especially BSTRi, remain unclear, particularly in stressful
conditions.* ¢

This pilot study aims to determine the average values
of PNSi, SNSi, and BSTRIi in a healthy population during
various activities (rest, daily activities, non-rapid eye
movement (NREM) sleep, graded physical effort, and
acute psychophysiological stress) to create a preliminary
reference for CAM assessment in real-world high-stress or
pathological conditions, such as dysautonomic syndromes.

2. Methods
2.1. Study population, ethics, and inclusion criteria

We retrospectively analyzed 24-h Holter electrocardiogram
(ECG) recordings from 104 healthy individuals,
categorized into three age groups: Agel (16-34 years),
Age2 (35-52 vyears), and Age3 (53-84 vyears), all
consecutively evaluated in our clinic for fitness or clinical
evaluations. Among these participants, 16 were police
officers monitored during fitness assessments and highly
stressful, realistic tactical training. In addition, ECG
data from a 75-year-old healthy male who volunteered
to be monitored 3 times/week from April to November
2022 during training on a professional bicycle ergometer
(Technogym, Italy) were included (Table 1).

All participants were free of cardiovascular and
neurological conditions based on clinical history, physical
examinations, and laboratory results. They were required
to refrain from smoking, consuming coffee, or using any
substances or medications that could affect their natural
sympathovagal balance for at least 24 h before ECG
recording.

All participants provided informed consent for ECG
recording and monitoring, primarily related to preventive
checkups for non-competitive sports or fitness-for-duty
evaluations. They also agreed to the anonymous use of
their ECG data for scientific and publication purposes.
All recording procedures were conducted in accordance
with good clinical practice (GPC) guidelines and ethical
standards outlined in the Helsinki Declaration of 1975,
revised in 2013.
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2.2. HRV recordings and analysis

We conducted 24-h 12-lead Holter ECG recordings
using the H12 (Mortara Instruments). Real-time ECG
monitoring during tactical and physical training was
carried out with a 3-lead wearable ECG (Nuubo, Spain).

For longitudinal monitoring during physical training,
each session included 10 min of baseline rest, 5 min of
warm-up, 30 min of exercise, and 10 min of recovery.
The training workload was categorized by age into low
(65-75 watts/min), moderate (75-85 watts/min), semi-
intense (85-95 watts/min), and intense (95-110 watts/
min). For this study, ECG data from 40 training sessions
(10 sessions for each workload) were analyzed.

HRV parameters were calculated using Kubios Premium
software (version 3.5.0) in TD, FD, and NL methods, along
with time-varying algorithms,* following “detrending”
with the “smooth priors” function (lambda = 500).

Short-term HRV was calculated over 5 min* during
regular daily activities and NREM sleep for all participants,
as well as during highly stressful police tactical training
(16 cases). In addition, HRV parameters were assessed
from 2-min intervals, as illustrated in Figure 1, to evaluate

Table 1. Demographics of the studied participants

the reliability of PNSi, SNSi, and BSTRi measurements
from these shorter intervals.

For the training sessions, HRV parameters were
calculated using 2-min intervals taken at baseline rest,
every 4 min during exertion, and at the first, fifth, and
tenth min of recovery. ECG data from 40 training sessions
(10 sessions for each workload) were analyzed. The PNS;,
SNSi, and BSTRi values resulting from each workload were
averaged and compared to evaluate reproducibility across
sessions with the same workload.

Kubios calculates the PNSi by integrating three
parameters: the mean RR interval, the RMSSD (the
mean square root of successive RR interval differences,
closely related to parasympathetic cardiac activation),
and the SD1 index from Poincaré plot (in normalized
units), which correlates with the RMSSD. The PNS
index is considered normal during rest if it falls within
+2 standard deviations (SD) of the normal population
distribution.*

The SNSi is computed using three parameters: the
mean HR interval, the BSTRi, and the SD2 index from the
Poincaré plot (in normalized units), which correlates with
SDNN.** Similar to the PNSi, the SNS index is deemed
normal if it is within +2 SD of the normal population
distribution. During psychophysiological stress or high-

Subgroups No. of cases Sex Age range intensity exercise, significantly lower PNSi and higher
Male  Female (years) SNSi values are expected.

Agel 36 10 26 16-34 The BSTRi is a geometric measure of HRV that indicates
Age2 29 15 14 35-52 stress on the cardiovascular system, calculated using the
Age3 23 10 13 53-84 following formula:

Police officers 16 15 1 31-50 S[= AMo MxDM 0

T xDMn
Senior training 1 1 75 Mo
+ | | I I
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Figure 1. Time segment selection method. The upper row shows 6 min of ECG recording, whereas the lower row displays examples of 5-min (light sky

blue) and 2-min (darker sky blue) tachogram segments selected
Abbreviation: ECG: Electrocardiogram.
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where AMo is the mode amplitude (the percentage of
intervals corresponding to the mode value relative to the
sample size), Mo is the mode, and MxDMn represents the
degree of interval variability, calculated from the difference
between the maximum (Mx) and minimum (Mn) intervals.
According to Baevsky, BSTRi values are considered normal
at rest when they range from 80 to 150 conventional units
and are 1.5-2 times higher during physical or emotional
stress. High BSTRi values suggest reduced variability and
increased sympathetic cardiac activation.**** In Kubios,
BSTRi values are expressed as the square root of the
original Baevsky values.*

To calculate both PNSi and SNSi, each parameter is
first compared to the normal population values reported
by Nunan.” These values are then scaled using the SD
of the normal population and refined with undisclosed
proprietary weighting factors to ensure robust and reliable
index values. This process considers the relationships
between exercise intensity, heart rate, and HRV.*

2.3. Statistical analysis

Data were input into SPSS (21.0 version, Chicago, Illinois)
for quantitative analysis. All data were examined for
expected ranges, outliers, and abnormal values. Continuous
variables are presented as mean and SD. Differences
between groups were assessed using either parametric
or non-parametric tests, as appropriate. A P < 0.05 was

considered statistically significant. The Pearson correlation
was used to evaluate the relationships between selected
quantitative variables, with a correlation considered strong
ifR>0.7.

3. Results

3.1. Population

The demographics of the 105 healthy participants are
summarized in Table 1.

3.2, Linear and NL HRV parameters

3.2.1. Variations in HRV parameters based on short-
term interval duration

Compared to those calculated from 5-min intervals,
the average values of most HRV parameters were not
significantly different when calculated from 2-min intervals
across all examined situations (daily activity, NREM
sleep, and acute psychophysiological stress). Significant
differences (P < 0.05) for 5-min intervals were found only
for certain recurrence plot parameters (in all conditions),
approximated entropy (not under stress), the triangular
index, TINN (during NREM sleep), and minimum heart
rate under stress (Table 2).

For clarity, only a selection of Kubios-calculated
parameters will be presented in the following tables.

Table 2. Difference in each HRV parameter calculated from short-term time segments of 2 and 5 min, during regular daily
activity (104 cases), NREM sleep (104 cases), and high-stress tactical training (16 police officers)

Daily activity NREM sleep High stress
2 min interval 5 min n P 2mininterval 5mininterval n P 2mininterval 5mininterval n P
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

MeanRR ms 7343 120.1 7319 116.8 104 977.8 148.7  975.0 154.0 104 438.0 75.0 4453 702 16
SDNN ms 31.7 15.1 31.2 13.7 104 27.2 12.5 27.5 12.2 104 13.7 13.1 150 126 16
MeanHR bpm 83.8 13.2 84.0 13.0 104 62.7 9.1 63.0 9.9 104 140.2 20.2 1373 17.7 16
MinHR bpm 74.7 11.5 72.7 10.9 104 59.6 8.6 59.1 9.2 104 1229 209 1066 168 16 #
MaxHR bpm 93.7 14.5 97.0 14.9 104 65.7 9.7 67.4 11.6 104 1556 186 160.1 17.7 16
RMSSD ms 22.3 12.1 21.8 11.0 104 32.7 16.0 32.7 16.1 104 6.4 6.1 7.0 6.5 16
pNN50 5.1 8.5 4.6 7.7 104 14.1 16.5 14.2 16.5 104 0.4 1.2 0.6 1.8 16
HRVtriang index 7.6 2.6 8.3 3.0 104 7.1 2.4 7.8 2.8 104 # 3.6 23 3.5 2.5 16
TINN ms 140.9 65.0 1559 67.7 104 117.3 52.2 1354 622 104 # 639 57.2 843 59.7 16

DC ms 18.3 12.4 17.6 11.5 104 28.0 18.6 27.9 17.9 104 54 9.6 52 8.6 16
DCmod ms 23.1 12.3 22.5 11.4 104 36.8 18.6 36.7 18.6 104 6.5 74 6.8 8.0 16

AC ms -18.1 12.7 -175 119 104 -28.9 18.3 -289 181 104 -4.2 6.0 -4.3 5.8 16
ACmod ms -23.7 14.0 -23.0 12.8 104 -38.7 19.9 -38.6  20.0 104 -5.8 5.6 -6.3 6.6 16
VLFpow FFT ms* 98.6 130.7  99.4 102.8 104 39.0 60.4 45.5 58.3 104 25.0 29.3 257 27.0 16
LFpow FFT ms? 880.4 1,051.9 844.5 921.3 104 250.1 364.3 2863 397.6 104 276.6  504.1 317.2 596.6 16

(Contd...)
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Table 2. (Continued)

Daily activity NREM sleep High stress
2 min interval 5 min n P 2mininterval 5mininterval n P 2mininterval 5mininterval n P
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
HFpow FFT ms*  218.0 336.6 203.2 2353 104 508.7 647.1 512.6 662.8 104 47.8 81.6 37.6 622 16
VLFpow FFT log 3.9 1.3 4.1 1.1 104 3.1 1.0 33 0.9 104 2.5 1.3 27 1.2 16
LFpow FFT log 6.2 1.1 6.3 1.0 104 5.1 0.9 5.3 0.8 104 4.1 19 43 1.8 16
HFpow FFT log 4.8 1.1 4.8 1.1 104 5.8 0.9 5.8 0.9 104 2.3 1.9 2.4 1.7 16
VLFpow FFT 9.4 6.5 102 65 104 6.0 4.7 6.4 4.9 104 18.0 11.7  18.0 13.6 16
LFpow FFT 72.7 10.5 71.9 10.0 104 32,5 12.1 35.1 12.0 104 70.3 8.8 71.3 11.8 16
HFpow FFT 179 85 178 7.8 104 61.5 141 585 142 104 11.7 68 107 53 16
LFpow FFT nu 80.1 9.4 80.0 8.9 104 34.8 13.6 37.8 14.0 104 86.3 7.3 87.2 5.8 16
HFpow FFT nu 199 94 199 89 104 65.1 13.6 622 14.0 104 13.7 73 128 58 16
TOTpow FFT ms* 1,197.2 1,342.9 1,147.4 1,168.6 104 798.1 955.8 844.7 1,014.2 104 3494  605.0 380.5 681.8 16
LF/HFratio FFT =~ 5.2 33 5.1 3.0 104 0.6 0.7 0.8 1.2 104 9.9 92 87 49 16
VLFpow ARms*> 1219 127.8 121.7 106.8 104 51.0 56.6  55.8 50.0 104 414 66.2 48.9 69.5 16
LFpow AR ms? 820.0 9079 7834 767.1 104 265.4 395.7 2792 3409 104 270.6  506.6 317.6 588.5 16
HFpow AR ms’ 210.3 2939 201.0 2487 104 4889 6369 497.5 6355 104 30.9 54.1 33.6 56.4 16
VLFpow ARlog 4.4 1.0 4.5 0.9 104 3.6 0.8 3.7 0.7 104 2.8 1.5 32 1.3 16
LFpow AR log 6.2 1.1 6.2 1.0 104 5.1 0.9 5.2 0.9 104 4.1 1.9 46 1.5 16
HFpow AR log 4.7 1.1 4.8 1.1 104 5.7 0.9 5.7 0.9 104 2.2 16 25 1.5 16
VLFpow AR 121 5.1 128 5.0 104 7.9 4.8 8.3 4.7 104 21.1 11.0 183 87 16
LFpow AR 70.5 100 699 93 104 333 114 350 124 104 68.4 9.6 725 81 16
HFpow AR 17.4 8.5 17.3 7.6 104 58.8 13.8 56.7 14.8 104 10.5 4.9 9.2 4.4 16
LFpow AR nu 80.1 9.7 80.0 9.0 104 36.4 134 385 14.7 104 86.9 57 889 50 16
HFpow AR nu 19.8 9.7 19.9 8.9 104 63.5 13.4 61.5 14.7 104 13.1 5.7 11.1 5.0 16
TOTpow AR ms*  1,152.5 1,204.8 1,106.4 1,065.9 104 805.6 1,003.0 832.7 9444 104 3429 614.0 400.0 7039 16
LF/HF ratio AR~ 5.1 2.8 5.1 2.8 104 0.7 0.7 0.8 1.1 104 8.0 37 93 34 16
RESP Hz 0.2 0.1 0.2 0.1 104 0.3 0.0 0.3 0.1 104 0.4 0.1 05 0.1 16
SD1 ms 158 8.6 154 7.8 104 232 114 231 11.4 104 4.5 43 50 46 16
SD2 ms 41.9 19.9 41.1 18.1 104 30.4 14.1 31.1 13.7 104 18.8 18.0 20.6 172 16
SD2/SD1 ratio 2.7 0.7 2.8 0.7 104 1.4 0.3 1.4 0.4 104 4.1 1.3 43 1.1 16
ApEn 0.8 0.1 1.2 0.1 104 # 0.6 0.1 1.1 0.1 104 # 1.0 0.2 1.0 0.2 16
SampEn 1.5 0.3 1.5 0.2 104 1.9 0.4 1.9 0.2 104 1.2 04 1.0 03 16
D2 1.3 1.2 1.2 1.3 104 1.2 1.3 1.2 1.4 104 0.3 0.7 0.3 0.7 16
DFA1 1.4 0.2 1.4 0.2 104 0.7 0.2 0.8 0.2 104 1.5 02 1.6 0.1 16
DFA2 0.5 0.1 0.5 0.1 104 0.3 0.1 0.3 0.1 104 0.9 03 08 03 16
RP_Lmean beats 9.5 2.7 10.3 2.6 104 # 7.7 2.2 8.5 2.2 104 # 140 2.2 20.7 5.6 16 #
RP_Lmax beats 107.3 456 2045 1089 104 # 381 162 63.5 312 104 # 2050 593 5164 1856 16 #
RP_REC 29.1 7.6 30.6 6.9 104 17.5 4.9 18.9 5.0 104 # 404 4.8 48.8 8.1 16 #
RP_DET 976 1.8 980 1.3 104 94.8 24 95.6 1.8 104 # 99.1 09 995 03 16
RP_ShanEn 2.9 0.3 3.1 0.3 104 # 2.6 0.3 2.8 0.3 104 # 3.4 0.2 3.8 0.3 16 #

Note: All parameters calculated by Kubios are included, with statistically significant differences (P<0.05) among groups indicated by # in the P columns.
Abbreviations: min: Minute; bpm: Beats per minute; ms: Milliseconds.
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3.2.2. Variations in selected HRV parameters related
to daily activity and NREM sleep

As expected, the average values of most HRV parameters
were significantly different between daily activity and
NREM sleep, with no significant effect from the duration
of the selected short-term intervals (Table 3).

3.2.3. Age-related differences in HRV parameters

Consistent with previous studies, a significant decline
in HRV was observed in most TD and FD parameters
associated with aging, during both daily activity and
NREM sleep. Statistically significant differences were
noted between the Age3 values (C in Table 4, which shows

Table 3. Variations of selected HRV parameters during daily activity and NREM sleep conditions (values calculated from 2-min

and 5-min time segments are provided)

2-min interval p 5-min interval P
Daily activity NREM sleep Daily activity NREM sleep
Mean SD Mean SD n Mean SD Mean SD n

MeanRR ms 734.26 120.12 977.81 148.69 104 # 731.95 116.82 975.00 153.99 104 #
SDNN ms 31.74 15.06 27.21 12.53 104 31.15 13.69 27.53 12.23 104
MeanHR bpm 83.78 13.20 62.71 9.07 104 # 83.97 13.00 63.05 9.93 104 #
MinHR bpm 74.73 11.50 59.63 8.58 104 # 72.70 10.95 59.15 9.18 104 #
MaxHR bpm 93.66 14.48 65.65 9.70 104 97.02 14.85 67.36 11.63 104 #
RMSSD ms 22.30 12.11 32.71 15.99 104 # 21.77 11.01 32.65 16.10 104 #
pNN50 5.07 8.49 14.08 16.49 104 # 4.63 7.65 14.21 16.50 104 #
HRVtriang index 7.56 2.61 7.09 2.43 104 8.27 3.04 7.83 2.77 104
TINN ms 140.87 64.96 117.31 52.15 104 155.89 67.74 135.38 62.20 104
VLFpow FFT ms* 98.64 130.69 39.03 60.39 104 99.42 102.79 45.55 58.30 104 #
LFpow FFT ms* 880.39 1,051.88 250.05 364.28 104 # 844.50 921.31 286.27 397.62 104 #
HFpow FFT ms? 217.98 336.56 508.72 647.12 104 203.24 235.34 512.60 662.76 104 #
LFpow FFT nu 80.09 9.42 34.84 13.61 104 # 80.04 8.93 37.78 13.98 104 #
HFpow FFT nu 19.88 9.41 65.09 13.61 104 # 19.93 8.92 62.17 13.98 104 #
TOTpow FFT ms? 1,197.25 1,342.90 798.11 955.76 104 1,147.42 1,168.60 844.74 1,014.20 104
LF/HF ratio FFT 521 3.31 0.65 0.66 104 # 5.11 3.01 0.81 1.22 104 #
SD1 ms 15.82 8.60 23.23 11.36 104 # 15.41 7.80 23.13 11.40 104 #
SD2 ms 41.85 19.89 30.42 14.12 104 # 41.12 18.08 31.06 13.66 104 #
SD2/SD1 ratio 2.75 0.67 1.36 0.30 104 # 2.77 0.67 1.42 0.43 104 #
ApEn 0.83 0.09 0.65 0.09 104 # 1.16 0.09 1.08 0.09 104 #
SampEn 1.54 0.30 1.95 0.39 104 # 1.53 0.25 1.89 0.22 104 #
DFA1 1.37 0.21 0.74 0.19 104 # 1.38 0.21 0.77 0.20 104 #
DFA? 0.46 0.15 0.29 0.13 104 # 0.48 0.13 0.30 0.11 104 #
RP_Lmean beats 9.51 2.71 7.70 2.16 104 # 10.28 2.62 8.48 221 104 #
RP_Lmax beats 107.28 45.60 38.12 16.23 104 # 204.55 108.91 63.53 31.21 104 #
RP_REC 29.06 7.63 17.48 4.94 104 # 30.59 6.92 18.91 5.05 104 #
RP_DET 97.62 1.77 94.79 2.38 104 # 97.96 1.32 95.55 1.81 104 #
RP_ShanEn 291 0.29 2.60 0.29 104 # 3.09 0.28 2.84 0.29 104 #
RESP Hz 0.24 0.09 0.26 0.04 104 0.25 0.09 0.27 0.05 104

Note: Statistically significant differences (P<0.05) among groups are marked with # in the P-value columns.

Abbreviations: NREM: Non-rapid eye movement; RR: Interval between 2 subsequent R peaks; SDNN: Standard deviation Normal to Normal; RMSSD:
Root Mean Square of Successive Differences; pPNN50: The percentage of successive normal cardiac interbeat intervals >50 msec HR heart rate; HF: High
frequency. LF: Low frequency; TOT: total. pwr: power; SD1 and SD2: Poincare Plot parameters; DFA1 and DFA2: Detrended Fluctuation Analysis alfa
parameters; ApEn: Approximated Entropy; SamEn: Sample entropy; RP: Recurrence Plot parameters.
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Table 4. TD, FD, and NL parameters calculated during daily activity and NREM sleep across the three age groups.

Daily activity (A) (B) (C) NREM sleep (A) (B) (C)
(A) Agel (B) Age2 (C) Age3 (A) Agel (B) Age2 (C) Age3
(n.37) (n.44) (n.23) (n.37) (n.44) (n.23)

Mean SD Mean SD Mean SD  P<0.05 Mean SD  Mean SD Mean SD  P<0.05
MeanRR ms 690.1 96.1 737.8 113.8 788.0 131.0 A 9179 151.2 9923 149.7 1033.8 141.9 A
SDNN ms 34.5 14.6 33.0 12.9 222 97 C 28,5 9.7 31.5 14.3 18.3 52 c C
MeanHR bpm 88.7 13.1 83.1 12.2 780 11.8 C 66.8 9.0 62.0 10.5 59.1 8.6 C
MinHR bpm 75.3 10.7 71.6 10.7 70.7 115 62.0 8.8 58.1 9.6 56.7 8.2
MaxHR bpm 1040 134 96.0 14.4 87.7 125 BC 719 103 66.3 12.5 62.0 9.4 C
RMSSD ms 23.5 12.9 22.6 10.7 174 6.8 33.6 131 374 19.3 22.0 5.9 C
pNN50 6.0 9.8 5.1 7.1 1.5 2.3 151 154 194 18.8 2.9 3.1 C
HRVtriang index 9.2 3.6 8.5 2.5 6.3 2.2 C 8.3 2.3 8.7 3.0 5.5 1.4 C
TINN ms 1723 724 1649 624 1122 520 C 141.8 522 1539 70.1 89.7 334 C

VLFpow FFT ms* 101.3  77.9 1079 129.0 80.2 80.3

428 623 60.1 65.5 22.1 13.0

LFpow FFT ms* 919.5 8209 1,017.3 1,118.3 393.2 380.2

2729 2008 3932 559.0 103.2 725

HFpow FFT ms*  281.6 323.0 1967 1646 89.6 1082 C

oo o000 o0

496.1 4322 699.7 891.6 1812 109.0

LFpow FFT nu 78.2 8.2 81.5 9.8 80.3 8.1

37.7 126 385 16.9 36.4 9.8

HFpow FFT nu 21.8 8.2 18.5 9.8 196 8.1

622 126 614 16.9 63.5 9.8

TOTpow FFT ms* 1,302.8 1,146.4 1,322.2 1,341.0 563.1 519.5 C

812.1 593.8 1,153.4 1,378.5 306.7 172.5 C

LE/HF ratio FFT 4.5 3.3 5.7 3.0 4.9 2.3

0.7 0.7 1.0 1.7 0.6 0.3

SD1 ms 16.7 9.2 16.0 7.5 123 4.8

23.8 93 26.5 13.7 15.6 4.2 c C

SD2 ms 45.8 18.8 43.7 16.9 288 134 C 323 107 355 15.8 20.6 6.4 c C
SD2/SD1 ratio 29 0.6 29 0.6 2.3 0.7 C 1.4 0.3 1.5 0.6 1.3 0.3

ApEn 1.2 0.1 1.1 0.1 1.2 0.1 1.1 0.1 1.1 0.1 1.1 0.1

SampEn 1.5 0.3 1.5 0.2 1.7 0.2 AB 19 0.2 1.8 0.2 2.0 0.2 B
D2 14 14 14 1.2 0.5 0.9 C 1.4 1.5 1.7 14 0.1 0.2 c C
DFA1 1.4 0.2 1.4 0.2 1.3 0.3 0.8 0.2 0.8 0.2 0.8 0.2

DFA2 0.5 0.1 0.4 0.1 0.5 0.1 B 03 0.1 0.3 0.1 0.3 0.1

RP_Lmean beats  10.5 3.0 10.5 2.2 9.4 2.6

8.4 2.0 9.0 2.3 7.5 2.0 C

RP_Lmax beats 229.8 1147 209.1 1075 1553 88.0 C

64.0 294 67.6 34.4 55.1 26.9

RP_REC 31.3 7.5 31.4 6.0 279 7.2 18.8 3.9 19.8 58 17.3 5.0
RP_DET 98.2 1.1 98.2 1.2 97.2 1.7 C 957 1.5 96.0 1.8 94.5 2.1 c C
RP_ShanEn 3.1 0.3 3.1 0.2 3.0 0.3 2.8 0.3 2.9 0.3 2.7 0.3 C
RESP Hz 0.2 0.1 0.3 0.1 0.3 0.1 A 03 0.0 0.3 0.1 0.3 0.0

Note: Statistically significant differences among groups are indicated by A, B, and C in the P<0.05 columns.

Abbreviations: TD: Time domain; FD: Frequency domain; NL: Non-linear; RR: The interval between 2 subsequent R peaks; SDNN: Standard deviation
Normal to Normal; RMSSD: Root Mean Square of Successive Differences; HR: heart rate; HF: High Frequency; LF: Low Frequency; TOT: total;

pwr: Powe; SD1 and SD2: Poincare Plot parameters; DFA1 and DFA2: Detrended Fluctuation Analysis alfa parameters; ApEn: Approximated Entropy;

SamEn: Sample entropy; RP: Recurrence Plot parameters.

data analyzed from 5-min intervals) and those of both
Agel and Age2 groups (A and B in Table 4).

During daily activity, sympathetic modulation was
indicated by higher LFpower (919.5 msec” in Agel, 1017.3
msec® in Age2, and 393.0 msec” in Age3) and LF/HF ratio
(4.5 in Agel, 5.7 in Age2, and 4.9 in Age3), along with

lower RMSSD (23.5 ms in Agel, 22.6 in Age2, and 17.4
in Age3), HFpower (281.6 msec” in Agel, 196.7 msec” in
Age2, and 89.6 msec” in Age3), and SD1 (16.7 ms in Agel,
16.0 in Age2, and 12.3 in Age3).

In addition, the VLFpower values were higher during
activity (101.3 msec* in Agel, 107.9 msec? in Age2, and

Volume 2 Issue 4 (2024)

doi: 10.36922/bh.3503


https://dx.doi.org/10.36922/bh.3503

Brain & Heart

Automatic cardiac autonomic modulation assessment

80.2 msec? in Age3) compared to NREM sleep (42.8 msec?
in Age2, 60.1 msec® in Age2, and 22.1 msec” in Age3), with
a statistically significant difference noted only between
Age2 and Age3 during NREM (Table 4).

3.3. Kubios indexes

The PNSi, SNSi, and BSTRi values showed no significant
differences when calculated from 2- and 5-min intervals
during daily activity and NREM sleep (Table 5).

3.3.1. Age-related variations in Kubios indexes during
daily activity and NREM sleep

Average PNSi values fell within the recommended normal
range, with no significant age-related variations noted
during either daily activity or NREM sleep.

Average SNSi values were slightly above the normal range
during daily activity but remained within normal limits
during NREM sleep, particularly in the Age2 group (0.36 +
1.33) compared to Agel (0.82 + 1.17) and Age3 (0.92 £ 0.98).

Average BSTRi values were considerably lower than the
“normal range” indicated in the original literature,”** as
Kubios’ BSTRi is calculated as the square root of Baevsky’s
values.” There were no significant differences within
each age group between daily activity and NREM sleep.
However, a gradual increase was observed from Agel to
Age3, with Age3 values significantly higher (P < 0.05) than

Table 5. Average values of PNSi, SNSi, and BSTRIi for all
104 participants during daily activity and NREM sleep,
calculated from 2- and 5-min time segments

Daily activity NREM sleep
2-min P 5-min 2-min P 5-min
interval interval interval interval
Mean SD Mean SD Mean SD Mean SD
PNSi -146 080 ns -1.49 076 0.12 0.92 ns 0.09 0.95
SNSi 247 174 ns 230 164 0.77 1.19 ns 0.65 1.22
BSTRi 1721 690 ns 16.01 6.40 1634 5.12 ns 1533 4.86

Abbreviations: min: Minute; ns: Non-significant.

those of Agel and Age2 during both daily activity and
NREM sleep (Table 6).

3.3.2. Kubios indexes during physical training

Figure 2 illustrates an example of Kubios’ synthetic output
for PNSi and SNSi during regular daily activity and
physical effort.

Average values for PNSi, SNSi, and BSTRi were
significantly different (P < 0.05) between measurements
taken at rest and at peak effort, with PNSi decreasing and
SNSi and BSTRi increasing. This trend reversed at 1 and
5 min into recovery (Table 7X) and also varied across
different training sessions (Table 7Y).

As expected, the relationship between SNSi and
BSTRi was strictly linear (R? = 0.98), whereas the inverse

Regular daily activity Physical effort

thetic tone (recovery)

Parasympathetic tone (recovery)

PNS Index = -1.27 " PNS Indox = 3.35

HIGH HIGH
Sympathetic tone (stress) Sympathetic tone (stress)
SNS Index = 1.66 SNS Index = 13.64
SD: SO SD:-280 280

280° SD 1 SD:-28t

/f\-mﬁ-mm|

| eren]

| g s:h\njhdu-“| < Sﬁo\uﬁhﬁx-ﬂ|
AR =Tl
A LOW > M LOW

Figure 2. Example of the Kubios* graphic display of PNSi and SNSi,
calculated from selected short-term time segments during regular daily
activity and physical effort

Abbreviations: PNS: Parasympathetic nervous system; SNS: Sympathetic
nervous system; RMSSD: Root mean square of successive differences;
HR: Heart rate; SD1 and SD2: Poincare plot parameters.

Table 6. Age-dependent behavior of the parasympathetic (PNSi), sympathetic (SNSi), and Baevsky’s stress (BSTRi) indexes

during daily activity and NREM sleep

Daily activity NREM sleep
(A) Agel P (B) Age2 P (C) Age3 (A) Agel P (B) Age2 P (C) Age3
(n.37) (n. 44) (n.23) (n.37) (n. 44) (n.23)
Mean 787 Mean SD Mean SD Mean SD Mean SD Mean 787
PNSi -1.66 0.77 ns -1.44 0.78 ns -1.30 0.67 -0.14 0.90 ns 0.29 1.07 ns 0.09 0.71
SNSi 2.44 1.54 ns 2.13 1.64 ns 2.38 1.81 0.82 1.17 ns 0.36 1.33 ns 0.92 0.98
BSTRi 14.77 4.85 ns 15.29 6.31 # 19.39 7.73 14.92 4.50 ns 13.88 4.87 # 18.79 3.77

Note: Statistically significant differences (P<0.05) among groups are marked with # in the P-value columns.
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correlations between PNSi and both SNSi and BSTRi were
better fitted by quadratic or cubic functions (R* = 0.92 for
quadratic and R?* = 0.96 for cubic, compared to R* = 0.77

Table 7. Average values of PNSi, SNSi, and BSTRi at rest,
at peak effort, and at the first and fifth min of recovery (X).
Average values of PNSi, SNSi, and BSTRi across training
sessions with different workloads (Y)

X Selected training phases
(A) Rest (B) Peak (C) First (D) Fifth
effort min rec min rec
Mean SD Mean SD Mean SD Mean SD
PNSi -1.10 046 -353 040 -299 055 -2.10 0.27
SNSi 192 078 1759 6.10 897 4.67 447 1.27
BSTRi 1822 354 8291 2697 4130 20.82 26.58 6.43
P<0.05 BCD B BC
ACD AD A
ACD AD
Y Session training workloads (watts/min)
(A) 65-75 (B) 75-85 (C)85-95 (D) 95-110
Mean SD Mean SD Mean SD Mean SD
PNSi -221 058 -244 085 -253 0.76 -2.73 0.80
SNSi 528 273 726 520 756 536 921 637
BSTRi 30.34 12.10 3832 22.15 38.92 22.72 4539 27.59
P<0.05 CD
D
A A ABC

Note: Statistically significant differences (P<0.05) among groups are
indicated by A, B, C, and D, as applicable.
Abbreviation: rec: recovery.

A
Physical
stress

PNS index

SNS index

B

Psychophysiological
stress

PNS index

SNS index

T T T
-5 o 5 10 15 20

for linear) and (R?* = 0.79 for quadratic and R* = 0.84 for
cubic, compared to R? = 0.66 for linear), respectively, when
evaluated during physical effort (Figure 3A).

Figure 4 provides an example of the time-varying
behavior of PNSi, SNSi, and BSTRi throughout a training
session, highlighting four short intervals at baseline rest,
medium and peak effort, and during recovery.

3.3.3. Kubios indexes during police tactical training
(psychophysiological stress)

The average baseline values of PNSi and SNSi for the 16
police officers were within the suggested normal range,*
showing no significant differences when calculated from
2- and 5-min intervals. Average baseline BSTRi values were
already above the normal limit before the tactical training
began and increased up to 3 times during two subsequent
scenarios designed to escalate challenging operational tasks.
BSTRi values during stress were higher when calculated
from 2-min intervals, though this difference was not
statistically significant (Table 8). As expected, the increase
in psychophysiological stress from realistic tactical training
resulted in a significant increase in SNSi, reaching up to
6 times the upper normal limit, alongside a progressive
decrease in PNSi (from -1.4 + 0.8 to -3.8 + 0.7) (Table 9).

An example of the time-varying behavior of PNSi
and SNSi during a realistic training session is shown
in Figure 5A, alongside HRV spectral components
(Figure 5B). Individual BSTRi values exceeded 80
conventional units at peak stress (Figure 5C).

Similar to findings during physical training, the
relationship between SNSi and BSTRi was strictly linear

PNS index

L b

Observed o
Linear
Quadratic — - - —
Cubic

BSTR index

PNS index

80 100 120
BSTR index

Figure 3. Curves depicting the relationships between PNSi and SNSi (A) and between PNSi and BSTRi (B), illustrating different patterns under physical

and psychophysiological stress (see text for details)

Abbreviations: PNS: Parasympathetic nervous system; SNS: Sympathetic nervous system; BSTR: Baevski stress.
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Figure 4. Example of the time-varying behavior of heart rate (HR), PNSi, SNSi, and BSTRi during a training session
Abbreviations: PNSi: Parasympathetic nervous system index; SNSi: Sympathetic Nervous System index; BSTRi: Baevski stress index; HR: heart rate.

Table 8. Average values of PNSi, SNSi, and BSTRi for the 16 police officers, calculated from 2- and 5-min intervals, before and
during realistic tactical scenarios involving varying levels of psychophysiological stress

Baseline Medium stress High stress
2-min interval 14 5-min interval 2-min interval 14 5-min interval 2-min interval P 5-min interval
Mean o SD Mean SD Mean SD Mean SD Mean SD Mean o SD
PNSi -1.4 0.8 ns -1.6 0.7 -2.8 1.1 ns -2.8 1.0 -3.8 0.7 ns -3.7 0.7
SNSi 1.9 1.5 ns 2.1 1.4 7.6 6.4 ns 6.5 5.3 12.5 5.6 ns 10.0 3.7
BSTRi 14.0 5.9 ns 13.9 47 30.4 21.6  ns 25.0 15.9 45.8 21,5 ns 34.0 13.8

Abbreviations: min: Minute; ns: Non-significant.

Table 9. Stress-induced changes of PNSi, SNSi, and BSTRi

(A) Baseline P (B)Medium P (C) High P
stress stress
Mean SD Mean SD Mean SD
PNSi -14 08 # -2.8 1.1 * -3.8 0.7
SNSi 1.9 1.5 7.6 64 ° 12.5 56 §
BSTRi  14.0 5.9 304 216 ° 458 215 &

Note: Average values of 16 police officers calculated from 2-min time
segments are shown. # P<0.05 A vs. B and vs. C; ‘&’ denotes P<0.05 C
vs. A; ‘S’ denotes P<0.05 C vs. A and B; *P<0.05 B vs. C; P<0.05 B vs. A.

(R? = 0.98), whereas the inverse relationship between
PNSi and either SNSi or BSTRi was better modeled by
NL functions (Figure 3B). The type of non-linearity
between PNSi and SNSi appears to depend on whether the
participant is experiencing physical or psychophysiological
stress. The NL regression fitting PNSi and SNSi with a
quadratic polynomial yielded an R* value slightly lower
than that obtained from a cubic regression (from R*=0.978
to R* = 0.965). In contrast, when analyzing physical stress
data, the decrease in R* was more pronounced (from
R*=0.961 to R* = 0.920) (Figure 3A). Moreover, for SNSi

values between 10 and 20 units, PNSi values during effort
and psychophysiological stress differed by nearly one unit
on average. A similar trend was noted in the relationship
between PNSi and BSTRi.

3.3.4. Relationship between Kubios indexes and HRV
spectral parameters

The Pearson correlation between the PNS, SNS, and
BSTR indexes calculated by Kubios and the HRV spectral
parameters is presented in Table 10. Although significant
(P < 0.01), the correlations between each index and the
VLE LE HE and Totalpower spectral components were
moderate during daily activity and physical effort (R values
ranging from 0.470 to 0.668) and moderate to strong
during psychophysiological stress. Notably, there was no
correlation with the LF/HF ratio in any situation.

4, Discussion

The dynamic nature of CAM is essential for maintaining
physiological homeostasis, adapting to environmental
demands, and ensuring proper responses to acute
stress, thereby supporting survival in life-threatening
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Figure 5. 24-h Holter recording from a police officer, including a realistic tactical training session. (A) Time-varying behavior of the mean heart rate, SNSi
(orange area), and PNSi (light blue area). (B) Time-varying behavior of respiration (green line) and HRV spectral components (HF and LF). (C) Time-
varying behavior of HFpower (blue line) and BSTRi (gray area), which temporarily reached a value of 82, accompanied by a drop in the HF spectral

component

Abbreviations: PNS: Parasympathetic nervous system; SNS: Sympathetic nervous system; BSTRi: Baevski stress index; HR: heart rate; HF: High Frequency;

LF: Low Frequency; RESP: Respiration.

situations.”** HRV analysis serves as a powerful non-
invasive tool or assessing ANS function, deepening our
understanding of CAM across various psychophysiological
contexts. However, identifying which HRV parameters can
serve as definitive markers of human stress responses and
evaluating the suitability of different analytical methods
has been widely debated.**** Notably, the use of LF/HF
ratio as an indicator of “sympathovagal balance”®” has been
called into question,® with criticisms aimed at the rigid
framework based on frequency bands.*>*

In this study, a preliminary evaluation showed that short-
term HRV analysis from 2-min intervals, which is useful for
assessing transient CAM changes (such as those triggered
by sudden acute stress), did not significantly alter the
quantitative estimates of most HRV parameters (except for
the recurrence plot) (Table 2). It also confirmed established
differences between regular daily activity and NREM sleep
(Table 3), as well as the age-related decline in HRV, regardless
of whether linear or NL methods were used (Table 4).

Although there are known correlations between certain
HRYV parameters - such as TD SDNN with spectral Totalpower
and VLF/LF components (sympathetic indexes) and TD
RMSSD, pNN50 with spectral HFpower (parasympathetic

indexes) — the manual integration of multiple TD, FD, and NL
HRYV parameters remains challenging and time-consuming.*
Many years ago, several indexes (e.g., the index of regulatory
system activity) were proposed in space medicine to simplify
the complex HRV-based evaluation of individual functional
states.”®** With the recent availability of automatically
calculated indexes like PNSi, SNSi, and BSTRi,* this
retrospective study aimed to evaluate their normality range in
a healthy population, considering variability due to aging and
situational factors such as normal daily activity, NREM sleep,
physical effort, and real-world psychophysiological stress.

Notably, all three Kubios indexes incorporate non-
HRYV spectral parameters, making them potentially useful
for independently assessing the functional significance of
HRV spectral components in these contexts. Although
a moderate but significant correlation was observed
between each index and the VLE LE HE and Totalpower,
no correlation was found between the indexes and the LF/
HF ratio (Table 10). This supports the ongoing criticism
regarding the use of the LF/HF ratio as a definitive measure
of sympathovagal balance.®

In recent decades, greater attention has been given
to the FD VLF band due to its potential correlation with
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Table 10. Pearson’s correlation coefficients between PNSi,
SNSi, and BSTRi and the HRV spectral components
during baseline daily activity, physical effort, and
psychophysiological stress

PNSi SNSi BSTRi
Baseline
VLFpow FFT ms* 0.470** —0.497** —0.533**
LFpow FFT ms? 0.492** -0.530%* -0.626**
HFpow FFT ms* 0.549** —0.484** —0.545%*
TOTpow FFT ms? 0.557** -0.575%% -0.668**
LF/HF ratio FFT -0.132 0.018 -0.033
Physical effort
VLFpow FFT ms* 0.510** —0.465** —0.468**
LFpow FFT ms* 0.681** -0.638** —0.638**
HFpow FFT ms? 0.579** —-0.659** —-0.660**
TOTpow FFT ms? 0.599** —-0.591** —0.602**
LF/HF ratio FFT 0.031 0.036 0.051
Psychophysiological
VLFpow FFT ms? 0.596** -0.644%% -0.624**
LFpow FFT ms? 0.787** —-0.756** —0.727**
HFpow FFT ms* 0.636** —-0.627** —0.611**
TOTpow FFT ms? 0.805** —-0.779** —-0.750**
LE/HF ratio FFT -0.147 0.190 0.209

Note: **P < 0.01.
Abbreviation: FFT: Fast Fourier transform.

stressful stimuli.”* In our study, VLFpower was higher
during daily activity than during NREM sleep across all
age groups, confirming its association with homeostatic
mechanisms such as thermoregulation, baroreflex activity,
and the renin-angiotensin system.”’ However, although
significant, the correlations found between VLFpower and
PNSi (positive correlation) and with SNS and BSTR indexes
(negative correlation) were only moderate (Table 10).

Notably, a recent study reported a time-varying increase
in VLFpower that followed the same trend as heart rate
and the Kubios Baevsky stress index,” suggesting that
VLFpower may serve as a marker for stress-related increases
in intrinsic cardiac sympathetic activity.*** However, the
VLEF spectral component is generally viewed as indicative of
slower physiological mechanisms, sympathovagal balance,
and a reduction in vagal tone during mental stress.?***
The discrepancy between that study and our findings may
be attributed to the VLF filtering effect of the detrending
with the smoothness priors function used in our study.

Despite the notable changes in linear parameters
associated with the well-known decline of HRV due to
aging,'? average PNSi values remained within the suggested
normal range during both daily activity and NREM sleep.

Average SNSi values were slightly above normal during
regular daily activity and, as expected, significantly lower
during NREM (Table 5), with no significant age-related
variations observed (Table 6). In contrast, the BSTRi was
significantly higher in Age3 compared to both Agel and
Age2. This unexpected result may indicate that “healthy
elderly” individuals exhibit a more complex adaptation
of CAM, potentially influenced by a moderate increase in
physiological stress. However, further research involving
a larger population is needed to confirm this preliminary
observation.

Although the evaluation of PNSi and SNSi was not
affected by the duration of the time segments used for
calculation, BSTRi values during high stress were higher
(though not significantly) when calculated from 2-min
intervals (Table 8), which may be more suitable for assessing
the complex brain-heart interaction during critical events.
However, we believe that the assessment of Kubios’ BSTRi
“normality range” requires further investigation. Notably,
an interesting finding from this study, which has not been
reported previously, is that average BSTRi values around 45
and even exceeding 80 conventional units were observed at
peak stress during police tactical training. This suggests a
variable combination of physical and psychophysiological
stress, with individual peaks exceeding 60 in five cases and
above 80 in one case (Figure 5). If squared (since Kubios’
stress index is the square root of Baevsky’s values), the
observed values of 45-80 would correspond to 2025-6400
Baevsky conventional units, which are extremely high
and theoretically inconsistent with a healthy status and
adequate functional capabilities.*** This was not the case
for our police officers; however, in a few instances, values
exceeding 60 during highly stressful tactical scenarios
were linked to poor tactical performance. Moreover,
similar values were consistently achieved and tolerated by
a 75-year-old volunteer during intensive effort without any
subjective clinical symptoms or functional or ECG changes.
Furthermore, as suggested by space medicine, individual
physiological responses in critical situations may not align
with average statistical normality, as adaptive reactions
can vary based on individual psychophysiological and
functional capabilities.”® Interestingly, previous reports
indicated that a similar BSTRi value in a highly fit police
officer, without significant physical effort, was linked to a
loss of situational control, resulting in operational failure
and the sudden onset of paroxysmal arrhythmia, attributed
to a marked acute CAM imbalance.” Under such intense
and uncontrolled psychophysiological stress, which can
lead to immobilization (freezing) and an inability to
respond to external threats, HRV decreases significantly.
An unexpected increase in the delayed HF component has
been noted in ultra-short-term HRV analysis,” aligning
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with Porges’ “polyvagal theory;” which suggests that the
unmyelinated vagus (the most primitive parasympathetic
pathway), is activated when other defensive strategies (the
myelinated social vagus and the sympathetic “fight or flight”
response) fail to manage behavioral and physiological
adaptation in life-threatening situations.?>**

According to the “neurovisceral integration model,” the
interaction with the complex “brain-heart-body system,”
which allows for flexibility and adaptability to stressors,
can be assessed through HRV analysis. Specifically, the HF
spectral component serves as a reliable parasympathetic
biomarker for measuring self-regulation and health.?**

Asignificantchallengein psychophysiologyisquantifying
the extent of stress-induced psychophysiological overload
with HRV analysis® and its correlation with adaptive or
maladaptive behaviors. The previously unreported finding
that, under stress, the inverse correlation between the PNSi
and the SNSi (and BSTRi) is NL (Figure 3), rather than
the usual linear relationship at rest, could introduce a new
framework for evaluating sympathovagal interaction in
complex real-life critical situations. This may help define a
critical level of dysfunctional parasympathetic modulation
that impairs the “brain-heart-body system’s” flexibility,
resulting in insufficient rational control of stressful
situations. This is supported by two additional findings
indicating a significant mechanistic difference in CAM
based on the type of stress encountered: (1) Although the
relationship between the two indexes is NL in both cases,
the nature of the non-linearity differs, with cubic functions
providing a better fit for physical stress than quadratic
functions. (2) For SNSi values between 10 and 20 units,
the level of parasympathetic withdrawal was greater under
psychophysiological stress, averaging nearly one SD of
PNSi. If confirmed through targeted experimental studies,
examining the dynamic relationship between PNSi and
SNSi could serve as a valuable tool for identifying individual
psychophysiological stress levels, which may influence the
success or failure of operational outcomes, particularly in
complex real-world situations that also involve physical
effort, as seen in sports competitions or tactical operations.

Finally, the time-varying calculation of the PNS,
SNS, and BSTR indexes effectively provided a quick
overview of how CAM adapts to increasing physical effort
(Figure 4) and the temporary rise in sympathetic drive
alongside parasympathetic withdrawal during realistic
tactical training (Figure 5). Further research is needed to
determine if these additional parameters can enhance the
ability to differentiate between psychophysiological stress
and concurrent physical strain during real-world critical
events.’*?’

5. Conclusion

The automatic calculation of PNSi, SNSi, and BSTRi indexes
provides a quicker and more comprehensive assessment
of adaptive CAM in both physiological and pathological
conditions. Monitoring these indexes over time and in real
time could greatly improve our understanding of heart—
brain interaction dynamics, especially during acute stress
from real-life critical events.”*

In this study, PNSi and SNSi remained within the
suggested normality range* at rest, with their variations
during physical and psychophysiological stress showing
the expected inverse correlation. If further research
confirms that the inverse correlation between PNSi and
SNSi (and BSTRi) under stress is NL and better fitted by
NL functions (Figure 3), it could introduce a new approach
for assessing sympathovagal interaction in complex real-
world situations.

Given the relatively small sample size in this pilot
study, although the results are promising, further research
involving a larger population under dynamic physiological
conditions is necessary to establish a reliable and potentially
unbiased normality database. The BSTRi values calculated
using Kubios software did not match those derived from
the original Baevsky formula. Squaring the values obtained
from this study of healthy individuals under effort or
psychophysiological stress resulted in units that exceeded
the range suggested by Baevsky, even for critical cardiac
conditions.**** Therefore, the evaluation of the normality
range for BSTRi calculated with Kubios software requires
further investigation.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease that
causes skeletal muscle weakness and atrophy, resulting in respiratory failure and a
short lifespan. Considering the lack of effective treatment, this study investigated
the effects of human dental pulp stem cells (hDPSCs) on the clinical symptoms and
potential mechanisms in a mouse model of ALS superoxide dismutase 1 (SOD1-
G93A). Neurological assessments, including neurological scoring, rotarod testing,
and 7-T magnetic resonance imaging, were conducted to evaluate neurological
impairments. Survival rates and body weight of the mice were also recorded.
Immunofluorescence staining and flow cytometry analyses were performed to
investigate the number of neurons and infiltrated inflammatory cells in the spinal
cord as well as the central nervous system. The results indicate that infusion of
hDPSCs increased the body weight, mitigated motor neuron dysfunction, and
extended the lifespan of SOD1-G93A mice by approximately 15 days. Moreover,
hDPSCs infusion reduced the degree of spinal cord atrophy. Results suggested
that the number of neurons in the central nervous system of SOD1-G93A mice
was significantly decreased, but hDPSCs infusion resulted in an increase in
these numbers. However, hDPSCs infusion had no obvious effect on microglia
phenotypes in SOD1-G93A mice. This study emphasizes the potential of hDPSCs to
mitigate neuronal loss in an ALS mouse model, suggesting a promising therapeutic
avenue for ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive,
debilitating disorder that is characterized by the
deterioration of motor neurons that results in muscle
weakness and atrophy, bulbar palsy, and pyramidal tract
signs."* The incidence of ALS is between 0.6 and 3.8/100,000
person-years and increases with age.*® This devastating
neurodegenerative disease has a poor prognosis, with 50%
of patients passing away within 30 months of symptom
onset and only 20% surviving for 5 - 10 years.” Hence,
the primary aim of current treatment was to extend life
expectancy in patients with ALS.

The pathophysiology of ALS is the result of complex
interactions between genetic and molecular pathways.®
Mutations in the copper-zinc superoxide dismutase 1
(SOD1) gene may be a major factor, because they cause
conformational instability and misfolding of the SODI
peptide, leading to the formation of intracellular aggregates
and disruption of axonal transport systems and cellular
functions.” At present, no definitive cure exists for ALS.
Riluzole and edaravone are the only approved medications
with limited beneficial effects.®*® Nonetheless, there has
been increasing research in recent years on the use of
stem cells for treating neurodegenerative diseases.'”!* This
therapy works by replacing cells and secreting neurotrophic
factors, which help regenerate neurons and glial cells.'®"!
Mesenchymal stem cells (MSCs) originate from the
mesoderm during early development® and can differentiate
into neurons under certain stimulation conditions. MSCs
may be a promising potential therapy for ALS treatment.™
Human dental pulp stem cells (hDPSCs) are a type of MSCs
found in dental pulp tissue and possess strong self-renewal
and multidirectional differentiation potential. Compared
with other MSCs, hDPSCs are easier to obtain, have
higher proliferation rates,”” and can also differentiate into
a variety of somatic cells in an appropriate environment.'*"’
Furthermore, hDPSCs have a lower potential to transform
into tumors.”® Therefore, this study was conducted to
investigate the efficacy of hDPSCs treatment based on
clinical and pathological changes in an ALS mouse model.

2. Methods
2.1. Administration of hDPSCs

Here, hDPSCs were extracted from the third molars of
healthy volunteers at the Dental Clinic of the Beijing
Stomatological Hospital, with ethical approval (Approval
Number: KJ-2021- 016-C-01-CS, Beijing, China).
Written informed consent was provided to all donors
who participated in the study. The hDPSCs injection was
prepared and appraised by Beijing Chengnuo Medical
Technology Co., Ltd. After cleaning and disinfecting the

teeth, a bone chisel was used to segment the tooth tissue.
The pulp tissue was extracted and rinsed repeatedly,
after which it was cut with curved scissors into small
pieces of approximately 0.5 mm?® Subsequently, 0.3%
collagenase type I (MP Biomedicals LLC, CA, USA) and
0.4% dispase II (Sigma, SLZ, USA) were added to digest
for 1 h at 37°C. Digestion was terminated with Dulbecco’s
phosphate-buffered saline (PBS), and the cells were
inoculated into a six-well cell culture plate and cultured
in a cell incubator at 37°C and 5% CO,. Then, the cells
were washed and resuspended with 0.9% sterile saline
solution for counting. Two batches of cells were used in the
experiment, and cells were identified by flow cytometry.
The hDPSCs were positive for the surface antigens
CD73/CD90/CD44/CD166/CD105/CD146 and negative
for CD11b/CD19/CD34/CD45/HLA-DR" (Figure S1).
Next, 1 x 10° cells were resuspended in 200 ul of 0.9%
sterile physiological saline and injected into SOD1-G93A
mice through the tail vein. The SOD1-G93A vehicle group
and wild-type (WT) mice group were administered 200 uL
of 0.9% sterile physiological saline. The hDPSCs or 0.9%
sterile physiological saline were infused once through the
tail vein at disease onset.

2.2. Mice

High-copy = SOD1-G93A 72  transgenic  mice
(B6.Cg-Tg[SOD1+¥G93A]1Gur/]) were obtained from
the Jackson Laboratory (Strain#: 004435). PCR genotype
identification was performed on mice according to the
genotype identification scheme provided by the Jackson
Laboratory. Mice containing transgenic bands (molecular
size, 236 bp) were identified as SOD1-G93A mice and those
without magnetic bands were WT controls.” Hemizygous
carriers (males) were bred with C57BL/6] inbred mice. The
SOD1-G93A transgenic mice were obtained by genotyping.
All mice were housed in a specific pathogen-free environment
with a 12 - 12-h dark-light cycle and had free access to food
and water. The animals were randomly assigned to individual
groups. The endpoint in this study was based on the criteria
previously reported by the ALS-Therapy Development
Institute (ALS-TDI), that is, the loss of self-righting ability
within 10s (neurological score = 4) or the inability to move to
reach food on the cage floor. Mice that reached the humane
endpoint were euthanized within 3h. No animal deaths
occurred during the evaluation, and there were no post-
infusion deaths. All experimental procedures were conducted
according to the guidelines of the Institutional Animal Care
and Use Committee of Beijing Tiantan Hospital and the
Chinese Small Animal Protection Association Experimental
Protocol with approval from the Institutional Animal Care
and Use Committee Institutional Animal Care and Use
Committee (IACUC) under the protocol number 202203004.
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2.3. Rotarod test

Mice were placed on a fixed-speed rotating rod (3 cm in
diameter and rotating at 40 rpm). All mice were trained
twice daily for 3 days after the injection at day 80. At each
experimental time point, the time the mice spent on the
rotating rod was calculated up to a maximum of 180s. Each
mouse was tested 3 times at the same time each week, and
the results were calculated as the average of the three trials.

2.4.7-T magnetic resonance imaging (MRI)

MRI was performed using a 7.0-T MRI scanner
(BioClinScan, Bruker, Germany) equipped with a
31-cm aperture Ultra Shield Refrigerated Magnet, with
a gradient field strength of 290 mT/m and a switching
rate of 1160 T/m/s at days 120 and 150. T2-weighted
imaging (T2WI) - turbo spin echo images were acquired
by a spin-echo echo-planar imaging sequence with
15 slices (repetition time/echo time = 2240/38 ms; matrix
size = 192 x 320; field of view = 24 x 30 mm; and slice
thickness = 1.0 mm). The T2-weighted images were used
to obtain the cross-sectional area of the lumbar spinal cord
without any contrast agent. The MRI scans were analyzed
by experts blinded to the experimental group using an
anatomical atlas for guidance. Freehand region-of-interest
measurements were conducted using the Image] software
(National Institutes of Health, MD, USA). The cross-
sectional area of the lumbar spinal cord was measured
manually by outlining relevant anatomical structures. Six
slices were analyzed per mouse and averaged to obtain a
mean value for each animal.*!

2.5. Immunofluorescence staining

The brain and spinal cord of mice were separated at day 150
and fixed overnight in 4% paraformaldehyde at 4°C. The
brain was dehydrated in 15% and 30% sucrose sequentially.
Afterembeddingin Optimal cuttingtemperaturecompound
(OCT), brain tissues were cut into 8-um-thick slices using
a cryostat. The sections were washed 3 times (5min each)
with PBS and blocked using 5% normal donkey serum and
0.3% Triton X-100 in PBS for 1 h. Then, the sections were
incubated overnight at 4°C with the following primary
antibodies: rabbit anti-Ibal (1:200; Abcam, ab178846),
mouse anti-NeuN (1:400; Abcam, ab104224), rabbit anti-
glial fibrillary acidic protein (1:400; Abcam, ab7260), and
rabbit brain-derived neurotrophic factor (anti-BDNF)
(1:100; Abcam, ab108319). The next day, the sections were
rinsed 3 times with PBS for 10 min and then incubated
with corresponding secondary antibodies (Alexa Fluor
488 donkey anti-rabbit Immunoglobulin G [IgG], 1:1000;
Thermo Fisher Scientific, USA, R37118; Alexa Fluor 488
donkey anti-mouse IgG, 1:1000; Thermo Fisher Scientific,
USA, R37114) for 1 h at room temperature. Finally, the

sections were observed under the PerkinElmer Launches
Vectra” Polaris” Automated Quantitative Pathology
Imaging System. Cells were quantified for each spinal cord
section using the Image] software (National Institutes of
Health, MD, USA).

2.6. Flow cytometry analysis

Fresh mice brain and spinal cord were separated on day
150 and analyzed using flow cytometry. First, 500 UL of
collagenase I (1 mg/mL, Solarbio, C8140) was added
to fresh mouse brain tissues, which were then cut into
pieces using pre-cooled ophthalmic scissors on ice. Next,
an additional 500 uL of collagenase I was added and
gently mixed. The mixture was digested for 30 min in an
incubator at 37°C. Then, 2 mL of 1 x PBS (Solarbio, P1020)
was added to stop the digestion process, followed by
centrifugation (4°C, 10 min, and 1000 rpm). The resulting
supernatant was discarded, and 10 mL of 30% percoll per
tube was added, followed by centrifugation (4°C, 10 min,
and 2,000 rpm) to eliminate myelin. After discarding the
supernatant, the pellet was mixed and washed with 1 mL
of 1x PBS. After another round of centrifugation to remove
the supernatant, a single-cell suspension was obtained by
resuspending the cells in 1 mL of 1 x PBS. The cells were
then suspended in 100 pUL of 2% bovine serum albumin
for blocking. Zombie Violet™ (BioLegend, 423114)
staining was performed at room temperature for 20 min to
distinguish between live and dead cells. Next, the cells were
incubated with conjugated antibodies for surface staining
at 4°C for 30 min, followed by fixing using a fixation
buffer (BioLegend, 420801) at 4°C for 20 min and two
washing steps in a 1x permeabilization buffer (BioLegend,
421002) for 30 min for intracellular staining. The following
antibodies were used: NeuN (Abcam, ab223994), CD45
(BioLegend, 103116), and CD11b (BioLegend, 101216).
Data and images were acquired using a FACSAria™ II
flow cytometer (BD, Biosciences) and analyzed using the
Flow]Jo software (version 10.5.3).

2.7. Statistical analysis

All statistical details are provided in figure legends.
Animals were randomly assigned to the experimental
groups using the random number generator function in the
computer. All data analyses were performed independently
by investigators who were blinded to the experimental
groups. Data are expressed as mean + standard error of
the mean. p < 0.05 was considered statistically significant.
Statistical significance was determined using the unpaired
t-test for two groups and two-way analysis of variance for
three groups. All statistical analyses were conducted using
GraphPad Prism version 10.0 (GraphPad Software, La
Jolla, CA).
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3. Results the 15" week. The infusion of hDPSCs caused no significant
change in the body weight of SOD1-G93A mice compared
with that of untreated mice (Figure 1B). Nevertheless, mice
treated with hDPSCs exhibited improved performance in
the rotarod test compared with untreated mice (Figure 1C,

3.1. hDPSCs infusion attenuated motor neuron
dysfunction and extended the life expectancy of
SOD1-G93A mice

Experiments to investigate the efficacy of hDPSCs infusion 17" week p < 0.0001). We evaluated the neurological scores
in SOD1-G93A mice were conducted by considering using the ALS-TDI criteria and found that both hDPSCs
the body weight, motor performance in the rotarod infusion and vehicle-treated SOD1-G93A mice exhibited
test, neurological scores, and survival days of the mice continuous motor deficits after the 11" week. The infusion

(Figure 1A). All SOD1-G93A mice began losing weight in ofhDPSCsattenuated motor neuron dysfunction compared
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Figure 1. hDPSCs treatment delayed ALS progression and extended lifespan in SOD1-G93A mice. (A) Schematic of the experimental design conducted
on SOD1-G93A mice with vehicle (0.9% sterile physiological saline) or with hDPSCs treatment. On day 80, mice were administered injections of hDPSCs
or vehicles. Starting from day 80, the body weight, rotarod test results, and neurological scores of each mouse were recorded weekly. Flow cytometry and
immunofluorescence staining were conducted on day 150 to evaluate neuronal loss and neuroinflammation. 7-T MRI scans taken on days 120 and 150 were
used to measure spinal cord atrophy progression. (B) Body weight was measured in WT and SOD1-G93A mice treated with vehicle or hDPSCs. n = 6 per group.
Data were statistically analyzed by two-way ANOVA. (C) Persistence running times were recorded in the rotarod test of WT and SOD1-G93A mice treated with
vehicle or hDPSCs. 1 = 6 per group. Data were statistically analyzed by two-way ANOVA. (D) Neurological deficits were evaluated using behavioral scores in
WT and SOD1-G93A mice treated with vehicle or hDPSCs. n = 6 per group. Data were statistically analyzed by two-way ANOVA. (E) Kaplan-Meier cumulative
survival curve of WT and SOD1-G93A mice treated with vehicle or hDPSCs. Endpoint was defined as the death point when mice could no longer regain their
upright position within 30 s after being placed on their back; n = 7 per group. (F) Histogram of survival days of SOD1-G93A mice treated with vehicle or hDPSCs.
n =7 per group. Data were statistically analyzed using the unpaired t-test. Data were expressed as mean + SEM. Notes: *p<0.05, ***p<0.005, and ***p<0.001.
Abbreviations: ALS: Amyotrophic lateral sclerosis; hDPSCs: Human dental pulp stem cells; ALS: Amyotrophic lateral sclerosis; WT: Wild type;
SEM: Standard error of mean; ANOVA: Analysis of variance.
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with that in vehicle-treated SOD1-G93A mice from the
13" week onward (Figure 1D, 18" week p = 0.0008). Finally,
the infusion of hDPSCs prolonged the survival of SOD1-
G93A mice by approximately 15 days (169.7 £ 1.997 vs.
154.3 + 3.803 days; p = 0.0037, Figure 1E and F).

3.2. hDPSCs infusion reduced the degree of spinal
cord atrophy in SOD1-G93A mice

Cross-sectional images of lumbar enlargement (LE) were
acquired by 7-T MRI. Comparatively, the average area of
LE in T2WI scans was reduced in all SOD1-G93A mice
on days 120 and 150 (Figure 2A and C). On day 120,
the average area of LE was smaller in vehicle-treated
SOD1-G93A mice than in WT mice (2.999 + 0.031 vs.
3.280 + 0.044 mm? Figure 2B; p = 0.0004). The average
area of LE in hDPSC-treated SOD1-G93A mice was
greater than that in untreated mice (3.149 * 0.033 vs.
2.999 + 0.031 mm> Figure 2B; p = 0.0053). On day 150,
the average area of LE was smaller in vehicle-treated
SOD1-G93A mice than in WT mice (2.733 + 0.031 vs.
3.451 + 0.066 mm?; Figure 2D; p < 0.0001). The hDPSCs
infusion preserved the average area of LE in SOD1-G93A
mice compared with that in vehicle-treated SOD1-G93A
mice (2.927 + 0.027 vs. 2.733 £ 0.031 mm? Figure 2D;
p = 0.0008). Hence, treatment with hDPSCs could delay
spinal cord atrophy in SOD1-G93A mice.

3.3. hDPSCs infusion preserved neurons in
SOD1-G93A mice

The pathological features of hDPSCs infusion in the
ALS mouse model were characterized using flow
cytometry and immunofluorescence. The results of
immunofluorescence indicated a significant reduction in
the number of neurons in the spinal cord of SOD1-G93A
mice at 150 days (Figure 3A and B; p = 0.0001).
Conversely, hDPSCs-treated SOD1-G93A mice exhibited
preservation of spinal cord neuron numbers compared
with vehicle-treated SOD1-G93A mice (Figure 3A and B;
p = 0.0030). Consistent with these immunofluorescence
findings, a remarkable decrease in the number of neurons
was observed in the brains and spinal cord of SOD1-G93A
mice (Figure 3D and E; p = 0.0005 for brain, p = 0.0019
for the spinal cord). After the infusion of hDPSCs, the
SODI1-G93A mice presented with an increase in the
percentage of neurons in their brains and spinal cords
(Figure 3D and E; p = 0.0076 for the brain, p = 0.0063
for the spinal cord). Moreover, the number of BDNF-
positive cells remarkably increased in SOD1-G93A mice
after treatment with hDPSCs (Figure S2). These data
suggest that hDPSCs have the potential to protect against
neuronal loss and improve the secretion of neurotrophic
factors in an ALS mouse model.

3.4. hDPSCs infusion exerted no obvious effect on
glial cell phenotypes in SOD1-G93A mice

Previous research has shown that microglial activation
can exacerbate cellular damage in ALS development.”
To further investigate the effect of hDPSCs infusion on
microgliain ALS mice, we performed immunofluorescence
staining and flow cytometry. Immunofluorescence staining
revealed an increased number of microglia in the spinal
cords of all SOD1-G93A mice on day 150 (Figure 4A and B;
p < 0.0001). The number of microglia in the spinal cord
and brain of SODI1-G93A mice was significantly higher
than that of WT mice (Figure 4D and E; p = 0.0005 for
the brain, p < 0.0001 for the spinal cord), suggesting that
microglia are involved in the disease progression of ALS
mice. However, a significant difference was detected in
the number of microglia between the hDPSCs-infused
and vehicle groups (Figure 4B, D, E; p = 0.1433 for the
brain, p = 0.1581 for the spinal cord), suggesting a limited
effect of hDPSCs on microglia in ALS mice. Furthermore,
no significant differences were observed in the number
of astrocytes between the hDPSCs-infused and vehicle
groups (p = 0.0937, Figure S3).

4. Discussion

This study examined the efficacy of hDPSCs infusion in
a mouse model of ALS. Our findings indicated that the
infusion of hDPSCs not only mitigated motor neuron
dysfunction but also extended the lifespan of SOD1-G93A
mice. Moreover, immunofluorescence and flow cytometry
revealed that hDPSCs infusion could reduce the degree
of spinal cord atrophy and relatively preserve neurons in
SOD1-G93A mice.

MSCs, as pluripotent stem cells, are used to treat a variety
of diseases, including ALS.”** Compared with other MSCs,
hDPSCs have the characteristics of simple acquisition and
easy expansion®?; however, their therapeutic effects in
ALS have not yet been reported. In the present study, the
infusion of hDPSCs could significantly ameliorate clinical
disability and prolong survival time in ALS mice. This
effect was evidenced by 7-T MRI analysis, which showed
that the extent of spinal cord atrophy in hDPSCs-treated
mice was significantly less than that in untreated mice.
To further explore the cellular changes brought about
by hDPSCs infusion, we performed flow cytometry and
immunofluorescence staining to analyze neurons. The
results were consistent with those of previous studies that
used MSCs for ALS treatment, indicating that the number
of neurons was relatively preserved after the infusion of
hDPSCs.2"?

Studies have shown that transplanted MSCs can
differentiate into motor neuron-like cells, expressing
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Figure 2. hDPSC treatment reduced spinal cord atrophy in SOD1-G93A mice. (A) 7-T MRI scans showing the cross-sectional area of spinal cord lumbar
enlargement (LE) within the axial position of WT and SOD1-G93A mice treated with vehicle or hDPSCs on day 120, scale bar = 1 mm. (B) Histogram
showing the cross-sectional area of spinal cord LE in WT and SOD1-G93A mice treated with vehicle or hDPSCs on day 120. n = 4 in the WT mice
group, n = 8 in the vehicle- or hDPSCs-treated SOD1-G93A mice group. (C) 7-T MRI scans showing the cross-sectional area of spinal cord LE within the
axial position of WT and SOD1-G93A mice treated with vehicle or hDPSCs on day 150, scale bar = 1 mm. (D) Histogram showing the cross-sectional
area of spinal cord LE in WT and SOD1-G93A mice treated with vehicle or hDPSCs on day 150. n = 4 in the WT mice group, n = 6 in the vehicle- or
hDPSCs-treated SOD1-G93A mice group. Data were statistically analyzed using the unpaired t-test. Data were expressed as mean + SEM. Notes: **p<0.01,
*%p<0.001, and ****p<0.0001.

Abbreviations: 7T MRI: 7T magnetic resonance imaging; hDPSCs: Human dental pulp stem cells; WT: Wild type; SEM: Standard error of mean.
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Figure 3. Augmentation of neuronal cells in SOD1-G93A mice after hDPSCs treatment. (A) Immunofluorescence images showing the number of neurons
in lumbosacral enlargement of the anterior horn of the spinal cord of WT and SOD1-G93A mice treated with vehicle or hDPSCs on day 150. Scale
bar = 50 um. (B) Histogram illustrating the relative proportions of neurons in WT and SOD1-G93A mice treated with vehicle or hDPSCs. n = 6 per group.
(C) Flow cytometry analysis depicting the gating strategies used for neurons on day 150. (D) Histogram showing the population of neurons in the brain of
WT and SOD1-G93A mice treated with vehicle or hDPSCs on day 150. n = 4 in the W'T mice group, n = 6 in the vehicle-treated SOD1-G93A mice group,
and n = 5 in the hDPSCs-treated SOD1-G93A mice group. (E) Histogram depicting the population of neurons in the spinal cord of WT and SOD1-G93A
mice treated with vehicle or hDPSCs on day 150. n = 4 in the WT mice group, n = 6 in the vehicle-treated SOD1-G93A mice group, and n = 5 in the
hDPSCs-treated SOD1-G93A mice group. Data were statistically analyzed using the unpaired t-test. Data were expressed as mean + SEM. Notes: **p<0.01
and **p<0.001.

Abbreviations: hDPSCs: Human dental pulp stem cells; WT: Wild type; SEM: Standard error of mean.

markers typically found on the surface of motor neurons, which can drive the differentiation of MSCs into neuronal
and can thus rescue neuronal loss and improve clinical cells under certain electrophysiological conditions with
disabilities.**°Ithas also been confirmed that decellularized the expression of odontoblastic markers. The application
dental pulp acts as a potential scaffold for pulp regeneration, of mechanical force cues from exogenous scaffolds at
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Figure 4. Microglia in SOD1-G93A mice showed no evident significant changes after treatment with hDPSCs. (A) Immunofluorescence images depicting
the amount of microglia in lumbosacral enlargement of the anterior horn of the spinal cord of WT and SOD1-G93A mice treated with vehicle or hDPSCs
on day 150. Scale bar = 50 um. (B) Histogram illustrating the relative proportions of microglia in WT and SOD1-G93A mice treated with vehicle or
hDPSCs. n = 6 per group. (C) Flow cytometry analysis depicting the gating strategies used for microglia at day 150. (D) Histogram showing the percentage
of CD45/ntermedixeCD] 1b* microglia (CD45™CD!™) in the brain of WT and SOD1-G93A mice treated with vehicle or hDPSCs on day 150. n = 4 in the WT
mice group, n = 6 in the vehicle-treated SOD1-G93A mice group, and n = 5 in the hDPSCs-treated SOD1-G93A mice group. (E) Histogram depicting the
percentage of CD45™™d«CD11b* microglia (CD45™CD11b") in the spinal cord of WT and SOD1-G93A mice treated with vehicle or hDPSCs on day
150. n = 4 in the WT mice group, n = 6 in vehicle-treated SOD1-G93A mice group, and n = 5 in the hDPSCs-treated SOD1-G93A mice group. Data were
statistically analyzed using an unpaired t-test. Data were expressed as mean + SEM. Notes: **p<0.01, ***p<0.001, and ****p<0.0001.

Abbreviations: hDPSCs: Human dental pulp stem cells; WT: Wild type; SEM: Standard error of mean.

the nanoscale plays a vital role in the differentiation
process of MSCs.*"** Furthermore, hDPSCs can secrete
some essential neurotrophic factors, including nerve
growth factor proteins, BDNE, and glial cell line-derived
neurotrophic factor, which can nourish damaged neurons
and promote neural regeneration.”** Previous findings
suggesting that hDPSCs play a potential regulatory role
in the inflammatory response during disease progression
were contradicted by the findings of the present study, as

cord atrophy and conserving neurons, demonstrating the
beneficial effects of hDPSCs infusion in ALS mice. This
evidence based on murine models needs further validation
by well-executed randomized controlled clinical trials.
Moreover, future optimized protocols for engineered
hDPSCs and the identification of reliable biomarkers to
predict therapeutic outcomes are essential steps toward the
innovative use of hDPSCs for ALS treatment. Nevertheless,
the use of hDPSCs as a therapeutic approach holds promise

the population of microglia or astrocytes in SOD1-G93A
mice exhibited no significant changes after the infusion of
hDPSCs.* Studies have reported that extracellular vesicles
released by MSCs induce functional modifications in
microglia.*”** Further investigation is required to clarify
the impact of hDPSCs on glial cell features in ALS mice.
Moreover, our study is limited by the fact that NeuN is
not a specific marker for motor neurons. In addition, the
mechanism through which hDPSCs infusion increases the
levels of trophic factors that reduce the clinical symptoms
of ALS mice remains unknown.

5. Conclusion

The infusion of hDPSCs ameliorated clinical impairment
and prolonged the lifespan of ALS mice by retarding spinal

for future clinical interventions for patients with ALS.
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Respiratory sinus arrhythmia in humans:
Correlation analysis with breathing-specific
heart rate
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Department of Physiology, Faculty of Medicine, McGill University, Montreal, Quebec, Canada

Abstract

In adult humans at rest, pulmonary ventilation and cardiac output share similar
values, both approximately 5 L/min. Airflow is intermittent, with tidal volumes
exceeding dead space, low breathing frequency (f.,), and zero air velocity at both
end-inspiration and end-expiration. In contrast, the cardiac pump is in series with
the vasculature, such that the small stroke volume and high heart rate (HR) (f,) allow
for quasi-continuous blood flow. Based on experimental findings in dogs, it has
been suggested that an elevated f, during inspiration (known as respiratory sinus
arrhythmia [RSA]) decreases the disparity between air and blood flow patterns. Thus,
one might hypothesize a positive correlation between the peak-trough difference of
instantaneous fi, (AHR'= HR’pesk — HR'1iougn) @and the breathing-specific f,, (fi/fesp). To test
this hypothesis, we combined breath-by-breath data for AHR' from several previous
studies, resulting in a database of over 600 subjects. This extensive dataset allowed
us to construct statistically meaningful correlations between AHR’ and variables
associated with RSA (f,, fiesp HR'peaks @and HR'iougn). A strong statistically significant
(r > 0.9) correlation between f,/f..;, and AHR’ was observed. These findings support
the hypothesis that RSA may be a mechanism for improving the match between the
quasi-continuous blood flow and the intermittent airflow.

Keywords: Cardiac arrhythmia; Cardiorespiratory design; Parasympathetic control;
Pulmonary gas exchange; Ventilation-perfusion matching

1. Introduction

The acceleration of the heart during inspiration, known as respiratory sinus arrhythmia
(RSA), is perhaps the most recognized and most benign form of cardiac arrhythmia.
Documented nearly two centuries ago,' RSA can often be detected through simple
auscultation or by palpating pulses at the wrist. The heart rate (HR) (fi) accelerates
synchronously with inspiration due to the temporary inhibition of the nucleus
ambiguus (the cardioinhibitory center), which results in the inhibition of the vagal
(parasympathetic) output to the sinoatrial node of the heart and a shortening of the
inter-beat interval (IBI). The inspiratory inhibition of the nucleus ambiguus arises from
peripheral inputs sensing changes in intrathoracic pressure or lung expansion, as well
as from central inputs, involving direct interaction between the respiratory pattern
generator in the nucleus of the tractus solitarius and the nucleus ambiguus. Since the
early work in the 1930s,>® many experiments have investigated the relative contributions
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of peripheral and central inputs to the mechanistic basis
of RSA. The results have been mixed,*® possibly because
the relative importance of each factor may vary depending
on the specific experimental or clinical conditions."” What
is firmly established, however, is that the manifestation
of RSA results from the temporary abolition of the vagal
output; this means that the f, values at end-inspiration
solely depend on the sympathetic regulation of the heart.

Although the neurological basis of RSA is well
documented, its physiological significance remains a
subject of debate. Some have argued that the decrease in
fi during expiration lowers cardiac work during the low-
oxygen phase of the breathing cycle, or that RSA helps
stabilize blood pressure or blood carbon dioxide levels.
Others suggest that RSA might be an epiphenomenon
with no meaningful physiological role.!" The latter
hypothesis seems less likely, given that RSA is widespread
among mammals, ranging from small species such as mice
and rats'*" to larger animals like dogs, sheep, horses, and
cows.”'®” In studies involving paralyzed and artificially
ventilated dogs, where stimulation of the cardiac nerves
was applied at various phases of the breathing cycle, the
most favorable blood gas values occurred when f, was
increased during the inflation phase of the breathing cycle.
These results prompted the hypothesis that RSA may
improve ventilation-perfusion matching by adjusting f; to
the inspiratory airflow.'$%

The magnitude of RSA has been shown to have
an inverse relationship with the breathing frequency
(fesp)- This phenomenon, revealed through direct
breath-by-breath measures of RSA,*$*** complicates
the interpretation of RSA as a simple balance between
parasympathetic and sympathetic cardiac control. The
involvement of f.., in RSA could be seen as another
manifestation of RSAs role in optimizing ventilation-
perfusion matching. The cardiorespiratory system is
designed such that the pulmonary airflow is intermittent,
while pulmonary blood flow is quasi-continuous. Thus,
a higher f,, relative to f, should reduce the disparity
between the pulmonary air and blood flow regimens.
Based on this interpretation, one could hypothesize that
the magnitude of RSA is more strongly correlated with the
ratio of fi to fiep (fu/fresp> OF the “breathing-specific HR”)
than with f,, or f, alone. The aim of this work, therefore,
is to test the correlation between f/f..,, and RSA. This
required direct measurements of RSA amplitude in a
large sample size of subjects to minimize the influence of
the inter-subject variability.

Most commonly, RSA is derived from the high-
frequency band of the power spectrum of a series of IBI.
Changes in the high-frequency component (typically

between 0.15 and 0.45 Hz) relative to the low-frequency
component (0.04 - 0.15 Hz) are often interpreted as
indicating changes in “vagal tone”*** This approach is
widely used in clinical settings for the rapid identification
of RSA and has even been adopted as a predictor of cardiac
patient outcomes.”** However, the assumption that the
high- and low-frequency components of the IBI power
spectrum correspond to parasympathetic and sympathetic
control, respectively, has been repeatedly questioned,
especially since selective pharmacologic block studies have
shown that these components do not always align with
autonomic influences on the heart.*'**'%5%7 Importantly,
changes in the high-low frequency ratio of the IBI power
spectrum cannot measure the magnitude of RSA with
accuracy.

In contrast to power spectrum analysis, the breath-by-
breath calculation of the difference between the peak and
trough of instantaneous HR (AHR = HR,esx — HR ougn)
provides a direct quantification of RSA magnitude. This
approach has been applied to analyze short periods of IBI
recordings in humans*®**%* and occasionally in other
species.”!>!¢% Although more time-consuming than power
spectrum analysis, breath-by-breath computation of AHR’
offers a more accurate measurement of RSA.

The present work combined the data of several
previous studies in which AHR' was measured directly,
breath-by-breath. The resulting database, which included
over 600 subjects, allowed us to construct statistically
meaningful correlations between AHR’ and the variables
thought to influence RSA magnitude, i.e., fi, frespp HR peato
and HR'y,g. The results indicated a highly statistically
significant correlation between f,/f..,, and AHR, strongly
supporting the idea that RSA may play a role in improving
the matching between quasi-continuous blood flow and
intermittent airflow.

2. Methods

The data for the present work were collected between 2013
and 2020 for research on the effects of chest wall distortion,
mental tasks, and muscle exercises on RSA.233%41 A
re-examination of the original individual data files resulted
in a sample of several hundred subjects, all of whom had
RSA measured at rest using identical methodology and
analysis.

2.1. Subjects

The study population consisted of 635 undergraduate
students (272 males and 363 females) aged 19 - 21 years. All
participants were non-smokers, free of cardiorespiratory
disorders, and not undergoing any medical treatment. The
students were enrolled in a 1-year laboratory course in
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“Experimental Physiology” (McGill University, Montreal,
Canada, course # Physiology Lab 213). Each participant
was instructed on the maneuver to be performed, but
the specific purpose of the study was not disclosed. All
measurements were non-invasive. The study adhered to
the ethical standards set by the Declaration of Helsinki,
and the procedures were approved by the ethics committee
of the university.

2.2. Instrumentation

Measurements were taken in the early afternoon. The
subjects were positioned supine on a comfortable mattress,
with no visual access to the computer monitor. To minimize
external disturbances, participants wore an ear set and
were allowed to close their eyes while remaining awake.

Electrocardiogram (ECG) and breathing movements
were measured. ECG was recorded from standard
peripheral lead placements. An ad hoc algorithm detected
the peak of the R-waves of the ECG to compute IBI (ms).
IBI was converted into instantaneous HR (HR, beats/min)
using the formula HR' = 60/(IBI/1000), which represents
the number of heartbeats per minute, assuming successive
R-R intervals remain constant. Breathing movements were
recorded using impedance pneumography, with two Piezo
Respiratory Belt Transducers (ADInstruments, United
States) positioned around the rib cage (rc, approximately
at the level of the fifth intercostal space) and around the
abdomen (abd, at the level of the umbilicus). The sum
of the rc and abd measurements in supine males reliably
reflects changes in lung volume.***

The rc and abd signals were digitally acquired at 100 Hz,
while the ECG was acquired at 400 Hz. These signals,
along with the electronically computed beat-to-beat HR;,
were displayed on a computer monitor and saved for later
analysis (Figure 1).

2.3. Data analysis

During the resting condition, once the breathing pattern
was stable and reproducible, a 5-min recording period
was initiated. At the end of this period, 10 consecutive
breathing cycles were analyzed. The mean f, (beats/min)
and mean f., (breaths/min) were calculated for the
analysis period. The highest (HR,.i) and lowest (HR ;o)
values of HR’ within each breath were identified, and their
difference (AHR’ = HR s - HR(1ougn) Was used to represent
the magnitude of RSA, expressed in beats/min. Detailed
descriptions of the instrumentation and data analysis can
be obtained from earlier studies.?*?%*%!

When a subject had more than one recording period,
the values from each epoch were averaged. Data from
all subjects, either separated by gender or combined,
were pooled together to obtain the group grand mean.
To construct the correlations between parameter X and
RSA, the following procedure was used: First, X-values
were divided into seven approximately equidistant bins.
This binning process minimized the potential skewing
effect of uneven distributions. The average value for each
bin was calculated, and the resulting seven data points
were fitted using linear regression (Y = a + b-X), where
X is the parameter of interest, and Y is AHR. Group

80

HR' mw
60

(bpm) - -

400 405 410 415 420

425 430 435 440 445 450

Time (sec)

Figure 1. Representative experimental tracing from one subject at rest. From the top, rib cage (rc) and abdomen (abd) motion, with their combined
motion (rc + abd; channel 4) proportional to the tidal volume (inspiration is upward). The electrocardiogram (ECG; channel 3) was used to compute
the instantaneous heart rate (HR, beats/min) from the inter-beat intervals (channel 5). In this subject, HR at end-inspiration (HR peak) ranged from
75 - 83 bpm, while HR’ at end-expiration (HRtrough) ranged from 52 - 56 bpm
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data were reported as means + 1 standard error of the
mean and as the coefficient of variation (CV = standard
deviation/mean; %). A two-tailed t-test was used to
compare the two groups. Critical values for correlation
coeficients, differences between slopes (b) and intercepts
(a) of the linear function, and differences in mean values
were considered statistically significant at p < 0.05. Since
each X-Y relationship contained seven data points (with
7 - 2 = 5° of freedom), the critical value for statistical
significance of the correlation coeflicient r (for a two-tailed
test at o = 0.05) was 0.754, which corresponds to a
coefficient of determination (R?) of 0.569.

3. Results
3.1. Resting values

Table 1 summarizes the average anthropometric and
cardiorespiratory values relevant to RSA.

AHR’ was observed in all 635 subjects. On average,
AHR was 8.6 £ 0.3 bpm, which was similar between males
(8.3 + 0.3 bpm) and females (8.8 + 0.3 bpm), but with
considerable variability among subjects (Figure 2), ranging
from 1 bpm (observed in one male and one female) to
46 bpm. Normalizing AHR by the mean f, (AHR as a
percentage of f,) did not reduce the variability, because
AHR' showed no correlation with f, (see below). On
average, RSA accounted for 12.6% + 0.5% of f,, with a CV
of 60%. This was not significantly different between males

Table 1. Respiratory sinus arrhythmia correlations:
Anthropometric and cardiorespiratory values

Parameters Males (n=272) Females Combined
(n=363) (n=635)

Age, years 19.5+0.1 (5.1)  19.5+0.1 (4.9) 19.5+0.1 (5.0)
Height, cm 177+0.4 (3.8)  *164%0.5 (4.9) 170+0.6 (5.9)
Weight, kg 74+0.7 (14.9)  *59+0.7 (19.0)  65.4+0.8 (20.4)
fi, bpm 68.6+0.7 (15.6) 69.4+0.7 (15.6)  69.1+0.7 (15.6)
Sresp» br/min 13.640.3 (30.9) 14+0.2 (27.4)  13.8+0.2 (28.9)
HR’peak, bpm 72.840.7 (15.7) 73.840.7 (15.4)  73.4+0.7 (15.5)

HR'trough, bpm  64.5+0.6 (16.4) 65+0.7 (16.9)  64.8+0.7 (16.7)

AHR;, bpm 8.3+0.3 (61.6)  8.8+0.3 (60.0) 8.6+0.3 (60.6)
RSA, % 12.14£0.4 (61.0) 12.9+0.5(59.7) 12.6+0.5 (60.2)
Sl fresps beats/ 5.6+0.1 (38.6) 5.4+0.1 (34.3)  5.5+0.1 (36.3)
breath

Notes: Values are means+1 standard error of the mean in brackets

or the coefficient of variations (CV=standard deviation/mean,

%). fo: Mean heart rate (bpm=beats/min). f.p: Breathing rate
(br/min=breaths/min). HR: Instantaneous heart rate (bpm).

AHR’: Peak-trough difference in instantaneous heart rate (bpm).

RSA: Respiratory sinus arrhythmia expressed in percent of th (AHR/f,
100). fu/ fresp: Breathing-specific heart rate (beats/breath). *Statistically
significant difference between genders (p<0.001).

(12.1% + 0.4%) and females (12.9% + 0.5%). The mode
and the median RSA values were slightly lower than the
average (10.4% and 10.9%, respectively).

3.2. Correlations
3.2.1. Body weight and height

Neither f, nor f., showed statistically significant
correlations with body height or weight, whether males,
females, or the combined group were considered. Similarly,
no significant correlation was found between AHR’ and
body height or weight.

3.2.2. Breathing frequency and HR

Table 2 presents the intercepts (a) and slopes (b) of
the linear regressions between the cardiorespiratory
variables pertinent to RSA and AHR: In all three groups

Table 2. Respiratory sinus arrhythmia correlations:
Cardiorespiratory variables relevant to respiratory sinus
arrhythmia

X A b r 4
All subjects  fresp 16.6 -0.57 0.97 <0.001
Jo 3.1 0.078 0.85 <0.02
HR trough 133 -0.072 0.903 <0.01
HRpea -4.4 0.18 0.996 <0.001
Flfesp 22 1.16 096  <0.001
HR trough fresp 3.5 0.98 0.96 <0.001
HR peak/ fresp 0.7 1.34 0.98 <0.001
Males Seesp 15.9 -0.56 0.98 <0.001
Ja 1.3 0.10 0.86 <0.02
HR trough ns
HR pea -6.5 0.20 0.98 <0.001
Slfoess 1.8 1.10 091 <0.01
HR trough fresp 2.7 1.002 0.94 <0.01
HR peat/ fresp 0.8 1.22 0.95 <0.001
Females fresp 17.4 -0.59 0.94 <0.01
fa ns
HR trough 14.8 -0.091 0.957 <0.001
HRpeax -1.3 0.14 0.961 <0.001
th/fresp 2.9 1.16 0.96 <0.001
HR vough fresp 4.1 0.98 0.94 <0.01
HR pea/fresp 0.8 1.43 098  <0.001

Notes: Linear regression Y=a + b-X, where Y is the HR peak- HR through
difference (AHR’), b is the slope of the linear function, and a is the
intercept of the linear function. r: Correlation coefficient. p: Probability
of the null hypothesis (i.e., no correlation at the level indicated) to

be correct. fep: Breathing frequency (breaths/min). th: Heart rate
(beats/min). fu/fresp: Breathing-specific heart rate (beats/breath).

ns: Not significant (p>0.05). Critical value r for two-tail test=0.754).
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Figure 2. Frequency distribution of respiratory sinus arrhythmia in the entire sample, expressed as AHR' (HR'peak - HR trough, beats/min; left panel) and

as a percentage of the mean heart rate (AHR'/fi, %; right panel)

(males, females, and combined), AHR showed strong
negative correlations with f,., (Figure 3), with correlation
coefficients ranging from 0.94 to 0.97. On the contrary,
the relationships between f, and AHR' exhibited lower
correlation coefficients, with the correlation being
non-significant in females.

3.2.3. Peak and trough of instantaneous HR

Both HR',..c and HRyqn were significantly correlated
with AHR’ in the combined group, with HR',.,. showing
an almost perfect linear correlation (r = 0.996, Figure 4).
However, HR ;. showed lower correlation coefficients
in females and in the combined group, and did not reach
statistical significance in males.

3.2.4. Breathing-specific HR

The ratio between f, and f., showed a very strong
correlation with AHR’ in all three groups of subjects. The
correlations between HR,../fe, and AHR were even
stronger, with correlation coeflicients ranging from 0.95
to 0.98 (Table 2). An almost perfect positive correlation
was obtained by fitting a logarithmic function to the data:
AHR = 7.54 In (HRjca/fresp) — 4.10, which resulted in a
correlation coefficient of 0.9992 (Figure 5).

4, Discussion

The primary goal of the this analysis is to test the
hypothesis that RSA is strongly correlated with fi/fes.
The large dataset used in this study helped minimize
the confounding effects of the inter-subject variability,

14 | AHR' (beats/min)

12 &

10

6 8 10 20 22 24

12 14 16 18
ﬁesp (breaths/min)

Figure 3. Relationship between breathing frequency (fe, breaths/
min) and AHR (HRpeak-HR'trough, beats/min). Data were grouped
into bins, with symbols representing the average value of each bin. Bars
show bidirectional standard errors (where not visible, they fall within
the symbol size). The oblique dotted line represents the best-fit linear
regression through the data points

Note: r: Correlation coefficient

allowing us to construct statistically meaningful functions.
The results demonstrated an excellent correlation between
filfresp and AHR;, supporting the concept that RSA may be a
mechanism to improve pulmonary gas exchange.

4.1. RSA variability

The average AHR' of the group was 8.6 + 0.3 bpm
(approximately 12.5% of the resting f;), with considerable
inter-individual variability that was not correlated with
anthropometric traits or gender. A similar AHR’ (~10 bpm)
emerged from an earlier study by Hirsch and Bishop.* No

Volume X Issue X (2024)

doi: 10.36922/bh.3956


https://dx.doi.org/10.36922/bh.3956

Brain & Heart

RSA and breathing-specific heart rate

14
AHR' (beats/min)

12

10

50 55 60 65 70 75 80 85
HR'peak(®), HR'trough () (beats/min)

Figure 4. Relationship between the peak (HR',ea, beats/min, circles)
and the trough (HR'woug, beats/min, triangles) of instantaneous heart
rate and AHR (HR'eak - HR irougn, beats/min). Data were grouped into
bins, with symbols representing the average value of each bin. Bars
show bidirectional standard errors (where not visible, they fall within
the symbol size). The oblique dotted line represents the best-fit linear
regression through the data points

Note: r: Correlation coefficient

14

10 | | [

AHR' (beats/min) 1

5 6 7 ] 9
};eak/f resp (beats/breath)

Figure 5. Relationship between the breathing-specific heart rate
(HR peat/fresp» beats/breath) and AHR' (HR peak - HR irough, beats/min). Data
were grouped into bins, with symbols representing the average value
of each bin. Bars show bidirectional standard errors (where not visible,
they fall within the symbol size). The dotted line represents the best-fit
logarithmic function through the data points

Note: r: Correlation coefficient

significant difference was observed in f, or AHR between
males and females, likely because the consistently higher f,
observed in women typically becomes more pronounced at
ages older than those of the subjects in this study.***” The
CV for RSA (whether expressed as AHR’ or as AHR'/f,) was
approximately 60%, which is about four times larger than

that for mean f;, HR ,cac O HR ouqn because the average
values (the denominator in the CV computation) were
four times smaller (Table 1).

The variability in AHR" could have been lower if the
inter-individual differences in HR e and HR'ouqn were
of similar magnitude, but this was not the case. In fact,
the correlation between AHR and HR,. (ie., when
parasympathetic control is absent) was stronger than that
with HR g (Figure 4), where no significant correlation
was found in males. Since cardiac vagal output is inhibited
at end-inspiration, it seems reasonable to conclude that
the inter-subject variability in RSA is largely driven by
the inter-subject variability in the sympathetic regulation
of f,. The stronger correlation between AHR' with HR .«
compared to HRyoun Suggests that sympathetic output
plays a more significant role in modulating the magnitude
of RSA than the parasympathetic output. This finding
indicates that RSA cannot be equated with “vagal tone”
Further complicating the relationship between RSA and
vagal tone is the fact that RSA also depends on f,,, which
is not regulated by the parasympathetic nervous system.
Previous studies have raised concerns about the validity of
interpreting RSA as an indicator of vagal tone.®!**>-7

Comparing human RSA (approximately 12% of the
resting f,) to RSA in other species to explore potential
relationships with species-specific f;,*® could be informative.
However, direct measurements of AHR’ in other species
are rare. Available data from small groups of dogs, horses,
cows, and sheep suggest that RSA can range from 1.4% of
their resting f, in cows to 40% in dogs,'®"” with no evidence
of any allometric pattern.

4.2. Correlations

The large dataset allowed for the construction of X-Y
functions that were comparable across subjects, due to the
consistent number of bins and the considerable number
of subjects per bin. By minimizing the noise of the inter-
subject variability, we were able to reveal clear X-Y patterns,
as evidenced by the very high correlation coefficients.
While a strong correlation, though not definitive, can
suggest a causal relationship, a lack of correlation raises
doubts about the existence of a mechanistic link between
the variables.

The clear inverse relationship between f., and
AHR’ (Figure 3) has been well documented in previous
studies;**>** however, no physiological explanations
have been proposed. Here, we found that this relationship
became stronger when f.., was coupled with HR; and even
more so when coupled with HR .. In fact, the higher the
fresp relative to HR ., the smaller the AHR’ (Figure 5), with
an exceptionally strong correlation (r = 0.995). Previous
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studies in dogs® found a weaker f..,/f,-AHR’ relationship,
likely due to the small sample size and large data variability.

What could explain the physiological mechanism
behind the f.,/fi-AHR’ correlation? If RSA is indeed a
mechanism to improve pulmonary gas exchange, it is
reasonable to expect that f.,, and f, would combine to
optimize RSA. In paralyzed dogs ventilated by phrenic
nerve stimulation (diaphragm pacing) to maintain constant
ventilation, Hayano and Yasuma'® manipulated f, to
either remain constant or synchronize with lung inflation
or deflation. These experimental conditions were designed
to simulate, respectively, the absence of RSA, physiological
RSA, or “reversed” RSA. The authors found that blood gases
were optimal when f, was increased during the inflation
phase of the breathing cycle. From these experiments on
anesthetized dogs, the authors proposed that the function
of RSA was to improve ventilation-perfusion matching by
adjusting f, to the inspiratory airflow. The present finding
of a tight fi/f.,-AHR’ relationship (Figure 5) extends
this concept to healthy humans, supporting Hayano and
Yasuma’s conclusions about RSA.'"*" To appreciate the
significance of the f,/f.;,-AHR’ relationship, we must
consider the fundamental differences between pulmonary
air and blood flow.

At rest, cardiac output and pulmonary ventilation in
adult humans are approximately equal, about 5 L/min.
However, the cardiovascular and respiratory systems
are designed differently, which leads to contrasting flow
regimes. The parallel arrangement of the chest wall and
lungs, along with the presence of a dead space, implies
that pulmonary ventilation must have a tidal volume at
least as large as the dead space, resulting in a relatively
lower f..,. Furthermore, the back-and-forth movement
of air through the tracheobronchial tree causes airflow to
be highly intermittent: It is zero at the start of inspiration,
peaks mid-inspiration, and returns to zero again at
end-inspiration when the air changes direction for the
expiration. In contrast, the cardiac pump is positioned
in series with the circulatory system, allowing for high f,
with small stroke volumes and unidirectional blood flow
with minimal oscillation. Although airflow is inherently
intermittent, the higher the f.,, the less intermittent the
airflow becomes in relation to blood flow. The f;/f.s, (also
known as the ratio between HR' ., to fi.,) can be seen as a
proxy for the difference between cardiac flow and airflow.
A higher ratio implies greater disparity between the two
flows, suggesting a higher demand for RSA. Conversely, a
lower fi/f.s, value may indicate less disparity between the
two flows and a lower need for RSA. The slightly better
fit of the logarithmic function compared to the linear
function (Figure 5) can be explained by the fact that as f .,

increases, the number of heartbeats per breath decreases.
Hypothetically, if a subject’s f., matched their f, the
HR’ peai/fresp would be equal to one, and AHR’ would be zero.

The observed stronger correlation (Figure 5) when f;
was represented by its peak (HR,.i) rather than its trough
or mean values supported our hypothesis. HR ., is not
influenced by parasympathetic regulation of f,, which,
when present, introduces variability to both f,and HR yough.

The average fi/f., Was approximately 5 beats/min
(Table 1), which is within the range observed in many
mammals. In fact, the allometric functions of f, and f.,
in terrestrial mammals, spanning body weights from a
few grams to several tons, show similar slopes and a ratio
of about 4 beats/breath.*® This could suggest that 4 beats/
breath (which, with an average RSA of 20%, corresponds
to a 2.4:1.6 distribution of beats between inspiration
and expiration) represents an optimal compromise for
coordinating the two convection systems — the ventilatory
and the cardiovascular — and for maximizing pulmonary
gas exchange efficiency.

The results of this study clearly indicate that the larger
the mismatch between f, and f.,, (i.e., the greater f,/f..,),
the greater the RSA. This finding supports the hypothesis
that RSA may function to improve gas exchange. A large
RSA means that heartbeats predominantly occur during
inspiration, keeping the blood flow high when the oxygen
content of air is highest. However, many subjects at rest do
not exhibit a large RSA, and some have a small RSA. Does
this put them at a disadvantage? From the perspective of
gas exchange, probably yes, but extra-pulmonary factors
may require a more even distribution of heartbeats than a
large RSA would allow. For example, excessive arrhythmia
and the resultant irregular blood flow may not be desirable
during muscle exercise, when a more even delivery of
oxygen may take precedence over-optimizing pulmonary
gas exchange. It would be valuable to compare RSA
between resting and exercise conditions in individuals
with very different resting RSA values. One could predict
that RSA might decrease during exercise, particularly in
subjects with high RSA at rest.

5. Conclusion

The breath-by-breath data on AHR’ from a large sample
revealed that the inspiratory-expiratory difference
averaged approximately 8 beats/min or about 12% of the
mean f,. Variability in sympathetic control was a significant
contributor to the inter-individual variability in RSA.
Consequently, RSA should not be interpreted as an index
of parasympathetic control (or “vagal tone”), particularly
considering that f., is a key determinant of RSA. Most
importantly, fi/f.,, showed an excellent correlation with
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AHR; supporting the hypothesis that RSA serves as a
mechanism to mitigate the mismatch between the flow
regimes of air and blood, thereby improving ventilation-
perfusion matching.
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CASE REPORT
Acute coronary syndrome or cardiac
involvement due to leptospirosis: A case report
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Abstract

Leptospirosis is a globally prevalent zoonotic infection. Cardiac involvement in
leptospirosis, including myocarditis, can be easily missed due to non-specific
symptoms and concurrent multiorgan dysfunction. A 46-year-old male presented
to the emergency department with weakness, fever, palpitations, and widespread
joint and muscle pain. His temperature was 40°C, and his blood pressure dropped
to 50/30 mm Hg. The patient, with elevated high-sensitivity troponin levels in
laboratory findings, was referred to the cardiology department. Anti-ischemic
treatment was started for a preliminary diagnosis of acute coronary syndrome. The
leptospirosis polymerase chain reaction (PCR) test in serum was positive, whereas
the urine Leptospira PCR test was negative. The patient presented with septic shock
and elevated cardiac biomarkers and was re-evaluated based on electrocardiogram
and echocardiogram findings. Considering these clinical and laboratory results,
acute coronary syndrome was ruled out, and myocardial involvement due to
leptospirosis was considered. This case highlights the importance of recognizing
cardiac involvement in leptospirosis.

Keywords: Leptospirosis; Zoonotic infection; Myocarditis

1. Background

Leptospirosis is a globally prevalent zoonotic infection. Severe leptospirosis is
characterized by multiorgan dysfunction involving the liver, kidneys, lungs, and heart."?
Cardiac involvement in leptospirosis, including myocarditis, is sometimes overlooked
owing to its non-specific symptoms and the presence of multiorgan dysfunction.
Accurate diagnosis of cardiac involvement in leptospirosis requires a high level of clinical
suspicion, as fatal outcomes may often be linked to myocarditis.

Mathew et al.* examined cardiac findings and biomarker levels in 113 severe patients
with leptospirosis requiring intensive care and compared them with 31 patients with
sepsis. They found similar electrocardiographic (EKG) abnormalities and myocardial
dysfunction levels (51% - 55%) in both groups. However, patients with leptospirosis
exhibited higher troponin-T levels (61.0% vs. 40.0%, p = 0.057). Elevations in the
ST-segment and troponin levels were identified as independent predictors of reduced
left ventricular (LV) ejection fraction in leptospirosis.
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In a series of five patients with cardiac involvement
reported by Jayathilaka et al.,* all experienced hypotensive
shock and acute kidney injury. Four out of the five
patients received positive inotropic support. One patient
exhibited EKG findings suggestive of myocarditis during
shock, whereas an echocardiogram (ECHO) confirmed
myocarditis in another case. All five patients exhibited a
positive cardiac troponin I titer, either low or high, and
eventually recovered from the illness.

In another study by Shah et al.,* autopsies of 24 patients
who died from leptospirosis revealed myocarditis in 96%
of the patients. Endocardial inflammation was observed in
50% of these patients and was associated with vasculitis.

Cardiac involvement in leptospirosis is thought to be
due to a glycoprotein component of the leptospiral cell
wall that inhibits Na-K ATPase, causing arrhythmias and
vasculitis.>®

Elevated creatine kinase-myocardial band (CK-MB)
and troponin levels are found in nearly half of leptospirosis
cases, but their importance in predicting cardiac
involvement is unclear.”®

Further investigations are needed to confirm cardiac
involvement. In cases of leptospirosis with cardiac
involvement, non-specific EKG changes such as conduction
disorders, ST-T changes, and atrial arrhythmias are often
observed.” However, very few cases report an absence of
EKG changes despite cardiac involvement.” Although
cardiac involvement has been frequently reported in the
literature, our case, which was initially considered to have
cardiac involvement, showed elevated creatine kinase
(CK), CK-MB, and high-sensitivity troponin I (HSTI)
levels but no EKG changes.

This rare condition, often overlooked owing to its broad
clinical presentation and lack of distinctive symptoms,
is highlighted in our case. We present a case that was
initially managed as an acute coronary syndrome but later
re-evaluated as cardiac involvement due to leptospirosis
based on serum polymerase chain reaction (PCR) results.

2. Case presentation

A 46-year-old male with no known chronic conditions arrived
at our hospital’s emergency department with symptoms of
weakness, fever, palpitations, and widespread muscle and joint
pain. He had previously visited the emergency department
twice in the past 4 days for similar issues and was diagnosed
with an upper respiratory tract infection and prescribed
amoxicillin-clavulanate. At the time of this presentation,
he had a fever of 40°C and a blood pressure of 50/30
mm Hg. His overall condition was poor, with drowsiness
but responsiveness. Physical examination revealed mild

oropharyngeal erythema and diffuse abdominal tenderness
but no guarding or rebound tenderness.

His epidemiological history revealed that he worked
in livestock farming but had no history of animal or
arthropod bites. He was admitted to the internal intensive
care unit, and blood and urine cultures were taken.
Empirical treatment with meropenem was started. Testing
included serology for Brucella, hepatitis, and human
immunodeficiency virus; serology and PCR testing for
Crimean-Congo hemorrhagic fever virus; and PCR testing
for leptospirosis in urine and serum. A peripheral blood
smear was conducted to rule out acute hematological
malignancy, and a consultation with the hematology
department was requested.

Laboratory results indicated elevated HSTI levels
(normal range, 0 - 58 ng/L), prompting a cardiology
consultation. A 12-lead EKG performed at the bedside in
the intensive care unit showed no significant ST-segment
changes, T-wave abnormalities, or other pathological
findings (Figures 1A and B). His heart rate was recorded
at 92 beats/min. Bedside transthoracic ECHO revealed
hypokinesia in the anteroseptal wall of the left ventricle
(Figures 2A and B). The cardiac valves appeared normal,
with no significant stenosis, regurgitation, vegetation,
or intracardiac thrombus. Anti-ischemic treatment was
started based on a preliminary diagnosis of acute coronary
syndrome, and inotropic support was provided for the
patient’s hypotension. The patient was closely monitored
for further differential diagnoses.

On the 8" day of intensive care unit admission, the patient’s
condition improved and he was transferred to the infectious
diseases ward for continued treatment. On the 11" day of
treatment, PCR analysis of the serum sample confirmed
the presence of Leptospira, confirming the diagnosis of
leptospirosis. The urine Leptospira PCR test was negative.
Given the patients initial signs of septic shock, severe
hypotension, and elevated cardiac biomarkers, and with the
re-evaluation of EKG and ECHO findings, we reconsidered
the diagnosis of acute coronary syndrome. Instead, based on
the clinical and laboratory findings, we suspected myocardial
involvement (myocarditis) due to leptospirosis.

The patient completed 14 days of inpatient treatment
and was discharged in good health with follow-up
recommendations for infectious diseases and cardiology
clinics. Laboratory test results from admission and
subsequent days are summarized in Table 1.

3. Discussion

Leptospirosis is a contagious disease that affects both
animals and humans and is the most common zoonotic

Volume 2 Issue 4 (2024)

doi: 10.36922/bh.3496


https://dx.doi.org/10.36922/bh.3496

Brain & Heart

Cardiac involvement in leptospirosis

Table 1. Various laboratory parameters observed during the patient’s admission and follow-up

Application day 3 day 7% day 14" day

WBC (mm?) 1600 6770 11210 7580
Hemoglobin 14.3 13.8 13 13
Neutrophil 65 74 73 75
Platelet (mm?) 95 43 110 254
Aspartate aminotransferase (U/L) 89 98 61 44
Alanine aminotransferase (U/L) 28 68 63 46
Total bilirubin (mg/dL) 1.47 1.16 0.9 1.1
Alkalen fosfataz (U/L) 38 59 49 59
Gama glutamil transferaz (U/L) 13 37 54 39
Creatine kinase (U/L) 4555 1162 292 61
Creatine kinase-MB (U/L) 68 46 12 24
Troponin (ng/mL) 6415 549 6 6
Urea 112 65 58 41
Creatinine 2.14 0.95 0.7 0.57
C-reaktive protein (mg/l) 194 31 20 7
Procalcitonin (ng/mL) 100 4.6 0.7 0.2
Erythrocyte sedimentation rate (mm/h) 18 19 13 36
Urine leukocyte 6 1 8 2
Urine protein + ++ - -
Abbreviation: WBC: White blood cell.
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Figure 1. Electrocardiogram image of the patient. (A) Extremity
derivations (limb leads). (B) Chest leads (precordial leads).

infection worldwide.'? It is caused by a motile, obligate
aerobic, non-spore-forming, and non-capsulated
microorganism."

Leptospirosis is estimated to cause one million cases
and 58,900 deaths annually, with a case fatality rate of
6.85%." Although its overall incidence has remained stable
worldwide, major outbreaks often occur after floods and
natural disasters."

Figure 2. Echocardiogram image of the patient (A) Apical four-chamber
view (left ventricular [LV] diastole). (B) Apical four-chamber view (LV
systole).

Urban outbreaks are frequent in areas with poor hygiene
and high rodent populations.'? Leptospirosis predominantly
affects economically disadvantaged groups and results in
significant morbidity and mortality (5% - 15%).'""

Leptospirosis is typically transmitted through direct
contact with infected animal urine or exposure to soil or
water contaminated with this urine." High-risk individuals
include farmers, those who work closely with animals,
those exposed to rodents, those living in areas with poor
sanitation, and individuals engaged in water sports.'>"

The incubation period for leptospirosis is 2 — 20 days,
with an average of 7 — 12 days. Some patients experience a
biphasic course of the disease: An initial acute or septicemic
phase lasting about a week, followed by an immune phase
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characterized by antibody production and the excretion
of leptospires in the urine.® During the leptospiremic
phase, the pathogen can be isolated from the blood and
cerebrospinal fluid (CSF). Conversely, in the immune
phase, it cannot be isolated from the blood or CSF owing
to the presence of IgM-type antibodies, but it can still be
isolated from the kidneys, urine, and aqueous humor.

Leptospirosis can manifest in two clinical forms: icteric
or anicteric. The anicteric form typically begins with a
sudden onset of fever and may include symptoms such
as chills, myalgia, abdominal pain, conjunctivitis, and
occasionally, a skin rash. Severe headaches and aseptic
meningitis can also occur. This form is usually self-limiting
and accounts for about 90% of cases. In contrast, the
icteric form can range from severe illness with multiorgan
dysfunction to a life-threatening condition.">'

Cardiac involvement in leptospirosis may cause
symptoms such as shortness of breath, chest pain,
palpitations, tachycardia, hypotension, EKG abnormalities,
arrhythmias, ST/T changes, conduction abnormalities,
and ECHO wall motion abnormalities. Furthermore, it
can lead to conditions such as endocarditis, myocarditis,
pericarditis, and cardiogenic shock. EKG or clinical
evidence of cardiac involvement is often associated with a
poor prognosis."”

In our case, the patient presented with hypotension
that was managed with inotropic support while in septic
shock. After 48 h of monitoring in the intensive care unit,
liver dysfunction also emerged. The patient did not show
clear EKG abnormalities, but laboratory tests revealed
elevated levels of cardiac biomarkers, including troponin,
CK, CK-MB, and HSTI. ECHO revealed hypokinesia in
the anteroseptal wall of the left ventricle. Although the
initial cardiological assessment suggested acute coronary
syndrome, clinical follow-up and a positive Leptospira
PCR result confirmed myocardial involvement due to
leptospirosis. In the literature, myocardial involvement
has been documented through case studies and case

series.!”!®

LV dysfunction is usually not detected in clinical
follow-ups of leptospirosis, leading to frequent oversight
of cardiac involvement.” In our case, ECHO revealed
hypokinesia in the LV anteroseptal wall, and elevated CK,
CK-MB, and HSTT levels were supportive of myocardial
involvement in leptospirosis.

Myocarditis is a fatal condition. Patients showing clinical
and laboratory findings suggestive of cardiac involvement
in leptospirosis should be evaluated for myocarditis using
imaging techniques such as ECHO and cardiac magnetic
resonance imaging.

The diagnosis is confirmed by a positive PCR result of
blood or urine or by a positive serology result. Rarely, a
diagnosis is made by a positive culture of blood or urine.
Negative test results do not rule out the diagnosis because of
the suboptimal sensitivity of leptospirosis tests. Molecular
tests, such as PCR, offer a rapid and accurate diagnosis,
especially in the early stages of illness (i.e., the 1* week)."
A single positive PCR result is diagnostic for leptospirosis.
Although the organism may be intermittently detected
in urine during the 1* week of illness, it is more reliably
identified after that period.® PCR tests typically have a
sensitivity of 40% - 60% and a specificity above 95% in
blood samples."

4, Conclusion

Leptospirosis is a relatively underdiagnosed infectious
disease, despite its frequent occurrence, and cardiac
involvement is even less frequently reported. This could
be due to insufficient documentation of the frequency
and extent of cardiac involvement in leptospirosis.
Diagnostic challenges arise when clinical symptoms
suggest cardiac involvement, particularly in patients
with a septic presentation where no clear source of
infection is found. A comprehensive epidemiological
history is essential in these cases. This case highlights
the importance of recognizing cardiac involvement in
leptospirosis.
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