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Abstract
In the human organism, all functions are regulated and, therefore, require a feedback mechanism. This control involves a 
perception of the spatial tensile state of cardiac tissues. The presence and distribution of respective proprioceptive corpuscles 
have not been considered so far. Therefore, a comprehensive study of the entire human fibrous pericardium was conducted to 
describe the presence of proprioceptors, their density, and distribution patterns. Eight human pericardial specimens gained 
from our body donation program were used to create a three-dimensional map of proprioceptors in the pericardium based on 
their histological and immunohistochemical identification. The 3D map was generated as a volume-rendered 3D model based 
on magnetic resonance imaging of the pericardium, to which all identified receptors were mapped. To discover a systematic 
pattern in receptor distribution, statistical cluster analysis was conducted using the Scikit-learn library in Python. Ruffini-
like corpuscles (RLCs) were found in all pericardia and assigned to three histological receptor localizations depending on 
the fibrous pericardium’s layering, with no other corpuscular proprioceptors identified. Cluster analysis revealed that RLCs 
exhibit a specific topographical arrangement. The highest receptor concentrations occur at the ventricular bulges, where 
their size reaches its maximum in terms of diameter, and at the perivascular pericardial turn-up. The findings suggest that 
the pericardium is subject to proprioceptive control. RLCs record lateral shearing between the pericardial sublayers, and 
their distribution pattern enables the detection of distinct dilatation of the heart. Therefore, the pericardium might have an 
undiscovered function as a sensor with the RLCs as its anatomical correlate.
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Introduction

Proprioception serves the unconscious and conscious per-
ception of connective tissues’ tensile state and motion. The 
term “proprioception” was introduced in 1906 by Charles 
Sherrington [60], who differentiated this sense emanating 
from the organism itself from “exteroception” and “intero-
ception”. Even if interoception is not clearly defined and 
conceptualized, it is rooted in the vegetative system and is 
currently mainly discussed for its influence on the psyche 
[13], whereas the proprioceptive system is based on periph-
eral corpuscular receptors. These corpuscles are mechano-
receptors of the deep sensitivity that serve the body's self-
awareness in space. Proprioceptors include various sensory 
structures, such as Ruffini-, Vater-Pacinian-, and Golgi-
Mazzoni corpuscles, Krause end bulbs, Golgi tendon organs, 
and free nerve fibers. These register different stimuli, such 
as stretching, tension, vibration, or shearing. To date, the 
scientific literature on proprioceptors in both animals and 

 * Lea M. Piermaier 
 lea.piermaier@hhu.de

1 Institute for Anatomy I, Medical Faculty & Hospital 
Düsseldorf, Heinrich-Heine-University, Building 22.02, 
Floor U1, Room 15, Universitätsstraße 1, 40225 Düsseldorf, 
Germany

2 Institute of Neuroscience and Medicine (INM-1), Research 
Center Jülich GmbH, Jülich, Germany

3 Medical Faculty & Hospital Düsseldorf, Cécile and Oskar 
Vogt Institute of Brain Research, Heinrich-Heine-University, 
Düsseldorf, Germany

4 Department of Diagnostic and Interventional Radiology, 
Medical Faculty, University Hospital Düsseldorf, 
Heinrich-Heine-University, Düsseldorf, Germany

5 Core Facility for Magnetic Resonance Imaging, 
Medical Faculty, University Hospital Düsseldorf, 
Heinrich-Heine-University, Düsseldorf, Germany

http://orcid.org/0009-0004-5505-4185
http://crossmark.crossref.org/dialog/?doi=10.1007/s00395-024-01075-9&domain=pdf


1030 Basic Research in Cardiology (2024) 119:1029–1043

humans has primarily focused on the musculoskeletal sys-
tem [7, 12, 51]. Basically, mechanosensing is also present in 
the internal organs, and proprioceptors are already described 
for the pancreas [8, 22, 26, 63] and the thymus [71]. There 
is a lack of published research on corpuscular receptors for 
the pericardium. However, these sensors could be relevant 
in the sensory consideration of tamponade, pain, pericardial 
inflammation, or heart enlargement pathophysiology. It is 
challenging to obtain information for the assignments of the 
different sensors, e.g., physiological conduction of a single 
corpuscle, as neither their presence nor their exact location 
and distribution is known. Even the publications describing 
cortex-evoked responses only assume which mechanosen-
sory receptors' specific impulse patterns are recorded [43, 
53].

The fibrous pericardium consists of three sublayers of 
collagenous connective tissue interwoven with elastic fibers 
[17, 29, 30, 73]. Contrary to the common conception that 
the pericardium only operates under high diastolic volumes, 
it naturally couples diastolic ventricular pressure–volume 
relationships [24]. Movement and extension of the human 
pericardium depend on the amount of synovial filling of the 
pericardial gap, ranging between 15 and 60 ml [36, 72], and 
the dimension of the heart. The pericardial cavity not only 
enables gliding motion but also facilitates the transmission 
of mechanical stimuli to the parietal pericardium.

Whereas proprioceptive sensation is mediated by the 
somatic nervous system, the myocardium itself is supplied 
only by autonomic fibers [35, 38, 66, 70]. Kostreva and 
Pontus describe mechanosensory afferents via the phrenic 
nerve [37]. Still, the source of these sensorics in the 
pericardium remains unclear. Animal studies indicate that 
the phrenic nerve contains sensory components making up 
30–45% of its composition [39, 40, 47]. This sensory portion 
of the phrenic nerve may transmit propriosensory afferents. 
Such afferents are discussed to play a role in pericardial 
pain perception [25, 76]. However, the specific receptors 
responsible for this nociception are unknown.

Normally, corpuscular proprioceptors are present in 
all connective tissue, and the human heart possesses an 
evident collagenous exoskeleton known as the pericardium. 
Furthermore, embryologic malformations with congenital 
absence of the pericardium can cause notable cardiac 
dysfunction, such as abnormalities in the conduction system, 
arrhythmias, and chest pain [23, 48, 49, 52, 55–57, 59, 67]. 
The severity of the pathology depends on the type and extent 
of the congenital absence. This implies that the pericardium 
maintains normal cardiac function beyond its mechanical 
functions, which have been considerably summarized by 
different authors [30, 33]. On the other hand, a missing 
pericardium does not necessarily lead to mechanical 
problems of the heart itself [15, 16]. Since the pericardium 
may not impact the heart's mechanical function, it could 

serve an additional function. Given the reported sensation 
of pericardial pain, it may be involved in perceiving sensitive 
impulses. We, therefore, aimed to identify the neural 
feedback components of the human pericardium.

To determine whether the pericardium functions as 
a receptor to control cardiac dynamics, we investigated 
the presence and types of proprioceptors occurring in the 
human pericardium. Receptors may be associated with the 
histological organization of the fibrous pericardium and 
could display a potential topographic system (i.e., density 
and distribution pattern) throughout the pericardium.

Methods

Body donation

Human pericardial tissue was obtained from eight body 
donors participating in the body donation program of the 
Heinrich-Heine-University Düsseldorf (HHU). The heart of 
a ninth female body donor was taken to create the volume-
rendering and surface-rendering models of the “standard-
pericardium”. The selected specimens had to cover the 
following conditions:

1. No surgical procedures near the heart or mediastinum/
within the chest;

2. No known or visible heart disease;
3. No pacemaker or other interventions; and
4. No macroscopic primary tumor or metastasis in the 

mediastinal area

This study was approved by the Ethics Committee of 
the medical faculty of the University of Düsseldorf with 
the number 2021–1565, adhering to the following criteria: 
Declaration of Helsinki and written consent for the use of 
body materials for study and research purposes.

Macroscopical sectioning

The entire thoraces of eight human cadaveric donors (four 
female and four male specimens) were fresh-frozen at – 79 
degrees Celsius for at least 1 week. Horizontal sections of 
equal thickness (10 mm) were drawn along the entire heart 
length from cranial to caudal for each specimen. Since 
Ruffini-like corpuscles (RLCs) can grow up to several mil-
limetres in length, we chose a circumferential evaluation of 
the pericardium from cranial to caudal at these intervals to 
avoid double-counting of the same RLC. The obtained sec-
tions underwent free-floating fixation in 4% formaldehyde 
 (MORPHISTO®) for 2 weeks. Afterwards, the pericardium 
with adjacent structures was harvested from each section 
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around the entire heart circumference for further histologi-
cal processing.

Tissue processing and staining

In order to identify the number and location of the proprio-
ceptors, the pericardial samples were processed using paraf-
fin histology. The orientation of the slides was perpendicular 
to the surface to differentiate the pericardial sublayers. The 
sections were sliced at a thickness of 7 μm and stained with 
Elastica von Gieson staining to identify RLCs. Additional 
immunohistochemistry in subsequent sections exemplarily 
verified the plausibility that the corpuscles counted in the 
histochemical staining were Ruffini corpuscles. The distri-
bution of nerve fibers and the occurrence of free Schwann 
cells were set as criteria. For this purpose, primary Anti-
bodies against pan-Neurofilament (pNF; BioLegend [# 
837904]) and Myelin Basic Protein (MBP; BioLegend [# 
836504]) were used at concentrations of 2 μg/ml (pNF) and 
1 μg/ml (MBP). To further confirm the diagnosis of Ruffini 
corpuscles, antibodies against S100 (Dianova [# DNA-
AB-179523]; dilution: 1/200), a marker for sensory nerve 
fibers, Calcitonine Gene-Related Peptide (CGRP; abcam [# 
AB135271]; concentration: 15 mg/ml), a peptide released 
by certain sensory fibers in the peripheral nervous system, 
Transient Receptor Potential Channel 4 (TRPC4; Invitro-
gen [# PA5-18987]; concentration: 5 mg/ml), a non-selective 
calcium channel of sensory fibers, and tyrosine hydroxy-
lase (Merck Millipore [# MAB318]; concentration: 12 μg/
ml), to demonstrate the sympathetic-efferent innervation of 
RLCs, were applied. Secondary antibodies (anti-mouse IgG, 
VECTOR [# BA-2000] and anti-mouse IgM, BioLegend [# 
401102] at a concentration of 1:250 for pNF and anti-mouse 
IgG, VECTOR [# BA-2000] at a concentration of 1:300 for 
MBP) and streptavidin HRP (BioLegend [# 405210]) at a 
concentration of 1:800 were used to label the NovaRED 
dye (VECTOR [# SK-4800]). The detected neuronal supply 
ensures that the corpuscle is equipped with the expected 
neuronal components, i.e., scattered nerve fibers within the 
RLCs along the longitudinal axis of their fusiform shape 
(Fig. 1). The positive finding of MBP was used to assign the 
pale epithelioid cells to Schwann cells.

Data collection

The histological samples were scanned with a slice scanner 
(Motic EasyScan Infinity 100) and digitally analyzed using 
the QuPath software (Version 0.2.3[6]). It is generally 
accepted that RLCs cover the following histological criteria 
and are graphically summarized in Fig. 1:

– Spindle-shaped receptor arrangement
– Occurrence of pale epithelioid cells

– A lower density of the collagen fibers compared to the 
surrounding tissue,

– And demarcation from the surroundings by straightened 
elastic fibers

– Vessels meandering through the corpuscle

Histologically visible topographic proximity to nerves or 
nerve ingrowth into the corpuscles can be considered an 
additional criterion.

All structures within the pericardium that fulfilled three 
or more of the histologic criteria in addition to the shape 
were counted as RLCs.

Fig. 1  Histological criteria of Ruffini-like corpuscles (RLCs) in the 
human pericardium. Histological criteria of these receptors are the 
presence of meandered vessels and scattered nerve fibers, the occur-
rence of pale epitheloid cells, a minor density of collagenous fibers 
compared to the surrounding area, and demarcation from the environ-
ment by straightened elastic fibers. Since not all criteria of an RLC 
are always in one histological plane, we show a variety of receptors to 
demonstrate all previously mentioned criteria. All fusiform structures 
within the pericardium that fulfill at least three of the histological cri-
teria were counted as RLC. A Histological image (section thickness: 
7 μm; stain: Elastica van Gieson; scale bar: 50 μm) of an RLC in the 
pericardium of an 80-year-old male donor. The arrowheads indicate 
the less dense collagen fibers within the receptor than the surrounding 
area. B Schematic drawing of the RLC shown in A) with all histologi-
cal criteria depicted. The arrows point to the corresponding criteria 
in the histological images. C Histological image (section thickness: 
7 μm; stain: Elastica van Gieson; scale bar: 50 μm) of an RLC in the 
pericardium of an 86-year-old female donor. The arrowheads direct to 
the epitheloid cells, and the arrows to the meandering vessels. D His-
tological image (section thickness: 7 μm; stain: Elastica van Gieson; 
scale bar: 50 μm) of an RLCs in the pericardium of an 80-year-old 
deceased man. The arrowheads indicate elastin fibers, which demar-
cate the receptor from the surrounding tissue. E Histological image 
(section thickness: 7  μm; scale bar: 50  μm) with immunochemi-
cal staining (pan-Neurofilament) of a RLC of an 83-year-old female 
donor. The arrowheads point to the receptors, specifically stained 
scattered nerve filaments. * = pericardium fibrosum, ** = lamina pari-
etalis pericardii serosi
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Statistics

To detect any systematics in the distribution of RLCs, we 
used cluster analyses that analyzed the density of corpuscles 
per area according to the relative coordinates of the three-
dimensional pericardial surface. This analysis was conducted 
using the Scikit-learn library [19] in Python, while the Plotly 
library was used for 3D scatter plots [1].

With the help of hierarchical agglomerative clustering 
with WARD linkage, a dendrogram was created to partition 
the data logically [50, 74]. The resulting dendrogram 
displays the distance between merged clusters to facilitate 
detecting equitable partitions.

In addition to the hierarchical approach, we applied mean 
shift clustering to identify local maxima of neighborhood 
densities [10]. For each data point, the algorithm calculates 
the center of mass within a window surrounding that point. 
The window is then shifted towards this new center. When 
the need for shifting ceases, the iteration stops, and the 
data point is assigned to the identified center. Data points 
assigned to the same center form a cluster, and the center 
represents the point of the highest density.

When estimating the window size, which has a significant 
impact on the number of clusters found, the bandwidth 
estimation function available in the scikit-learn library 
was utilized. We then employed the density information 
to generate a heatmap, where each data point is colored in 
accordance with its relative distance from its corresponding 
center.

Visualization

A surface rendering and a volume rendering model were 
created to visualize the distribution and arrangement of 
proprioceptors in the human pericardium. These three-
dimensional models were imaged from a heart, including 
the pericardium. For this purpose, a female body donor 
was fixated with 4% formaldehyde (MORPHISTO®) in 
its entirety. All tissues surrounding the pericardium were 
precisely removed to preserve the heart, together with its 
contiguous suspension and diaphragm, in their natural 
in situ arrangement. An epoxy frame maintained the natural 
diaphragmatic protrusions caused by the liver and stomach 
into the thoracic cavity. This heart, used as the “standard-
pericardium”, then underwent scanning using magnetic 
resonance imaging and photogrammetry.

MRI

A 3D whole heart (with pericardium) MRI dataset was 
used for the volume rendering model in order to visualize 
the heart's internal and to match the eight pericardia to the 
"standard pericardium". Volume rendering was performed by 

specifying the color and opacity for each voxel based on its 
image intensity using 3D Slicer (https:// slicer. readt hedocs. 
io/ en/ latest/ user_ guide/ modul es/ volum erend ering. hl). Data 
acquisition for the three-dimensional volume rendering 
model was performed on a 3 T scanner (Magnetom Trio, 
Siemens AG, Healthineers, Erlangen, Germany) using a 
12-channel head coil. Data of the heart was acquired using a 
3D Magnetization Prepared Rapid Gradient Echo (MP-RAGE) 
sequence with the following parameters: echo time (TE)/ 
inversion time (TI)/ repetition time (TR) = 3.35/900/1720 ms; 
flip angle = 9°; acquisition matrix = 384 × 384 × 256; voxel 
size = 0.5 × 0.5 × 0.5  mm3; number of averages = 5; acquisition 
time = 29:12 min.

Photogrammetry

The surface rendering model for visualizing the statistical 
outcomes was generated using photogrammetry. More than 
1000 photos were taken from all angles of the “standard 
pericardium” using a reflex camera (model: Canon 750D 
with APS-C sensor, lens: 60 mm macro). We followed Spiriev 
et al.’s [62] digitization process. In brief: the images were 
transferred to photogrammetry software, which generated 
a dense point cloud that was used to calculate a coordinate 
system. Next, a three-dimensional mesh was created, and 
textures were overlaid. Finally, the finished 3D model was 
converted to Blender software.

Mapping and visualization of the proprioceptors were 
accomplished by digitally transferring all receptors found 
onto the volume rendering and surface rendering model of the 
"standard pericardium" using the 3D-slicer software (Version 
5.1.0[21]). Each receptor position was determined as precisely 
as possible based on the histological findings, considering the 
adjacent environment and anatomical landmarks.

Image presentation

The images were digitized using a slice scanner (Motic 
EasyScan Infinity 100) and corresponding software. Image 
processing, including white balancing, contrast correction, 
noise reduction, and cropping, was performed using Affinity 
Photo (version 2.3). Image composition and labeling were 
created using Affinity Designer (version 2.3).

The utilization of large language models served to 
ascertain the grammatical and syntactical correctness of 
the text, as well as to identify alternative terms or phrases.

Results

A total of eight fibrous pericardia were examined for the 
presence and distribution of proprioceptors. RLCs were 
found in large numbers at all pericardia. However, no 

https://slicer.readthedocs.io/en/latest/user_guide/modules/volumerendering.hl
https://slicer.readthedocs.io/en/latest/user_guide/modules/volumerendering.hl
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Vater-Paccinian- or Golgi-Mazzoni-corpuscles, Krause end 
bulbs, or Golgi tendon organs were found in any specimens. 
In all eight pericardia, we found a sum of 1476 RLCs. The 
number of receptors is much higher when considering the 
total surface of the pericardium, as opposed to solely analyz-
ing our selected 10 mm intervals.

The histochemical and immunohistochemical identifica-
tion of RLCs was verified using four additional different 
markers that usually occur in Ruffini corpuscles, repeated 
ten times, following typical protocols for Ruffini corpus-
cles (Fig. 2). Sensory nerve fibers (S100) and nerve fibers 
equipped with calcium channels (TRP, specifically TRPC4) 
were consistently observed. An efferent sympathetic inner-
vation (tyrosine hydroxylase) was reliably detected. Stain-
ings for CGRP (a peptide secreted by peripheral sensory 
fibers) were negative.

The histological organization of the fibrous pericardium 
reveals three sublayers. As there is no established 
nomenclature for these sublayers, we propose the following 
labels: the outermost layer facing the thoracic cavity will be 
referred to as the lamina externa, the inner layer adjacent 
to the pericardial cavity as the lamina interna, and the layer 
between the two as the lamina intermedia.

We categorized three localization classes of RLCs 
according to the tripartite histological organization of the 
fibrous pericardium (Fig. 3). The 1st receptor localization is 
between the lamina interna and the lamina intermedia, while 
the 2nd one is positioned between the lamina intermedia 
and the lamina externa. The 3rd localization is summarized 
by RLCs mainly as part of the outer border of the lamina 
externa, touching the thoracic cavity. The histological struc-
ture of RLCs was uniform through all localizations (Fig. 3). 
Receptors between the lamina intermedia and lamina externa 
were most abundant (total: 674 (45.7%)), closely followed 
by those as part of the lamina externa (total: 617 (41.8%)). 
However, RLCs between the lamina interna and lamina 
intermedia were definitely rare (total: 185 (12.5%)).

RLCs were found in comparable proportions in both sexes 
(female: 703/1476 (47.6%), male: 773/1476 (52.4%)). Using 
scaled photographs and calculations, we approximated the 
mean pericardial surface of our body donations to be about 
186  cm2 in females and 184  cm2 in males. This estimation 
aligns with the results measured by Hort [31]. There is 
no significant difference between the sexes regarding the 
dependency of corpuscles on the total pericardial surface.

Fig. 2  Immunohistochemical characterisation of the pericardial 
Ruffini-like corpuscles (RLCs). To further confirm the diagnosis of 
RLCs and to characterise specific neuronal components within the 
receptors, immunohistochemical stainings were performed using 
antibodies against S-100 (a specific marker for sensory fibers), Cal-
citonine Gene-Related Peptide (CGRP, a peptide released by sen-
sory fibers), Transient Receptor Potential Channel 4 (TRPC4, a non-
selective calcium channel of sensory fibers), and tyrosine hydroxylase 

(a specific marker for efferent sympathetic fibers). A positive result 
is indicated by the red dye, labeled on the secondary antibody. The 
immunohistochemistries against S-100 (top), TRPC4 (middle), and 
tyrosine hydroxylase (bottom) yielded positive results. Staining 
against TRPC4 (middle) also marked the calcium channels of the 
smooth muscle of all vessels. The intensity of the surrounding envi-
ronment was reduced to highlight the shape and extent of the RLCs
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Each receptor position was accurately transferred to the 
"standard pericardium" (Fig. 4). Topographical differences 
with potential hotspots were already evident when all peri-
cardia were matched to the volume rendering model (Fig. 5). 
Cluster analysis identified possible partitions and higher 
density areas within the pericardial proprioceptors.

We identified a cluster count of four and illustrated the 
distinct clusters as points of divergent color in a 3D scatter-
plot (Figs. 6 and 7A, B). One cluster (blue) corresponds to 
the outflow of the aorta and pulmonary trunk, as well as the 
right atrium. A second cluster (red) is located in the region 
of the right ventricle. A third cluster (green) comprises the 
left ventricle area and a small section of the left atrium. The 
remaining cluster (yellow) covers most of the left atrium, 
including the pulmonary veins. The interventricular septum 
roughly delineates the boundary between the right ventricle 
(red cluster) and left ventricle (green cluster). The valvular 
plane approximately corresponds to the border between the 
right atrium (blue cluster) and right ventricle (red cluster), 
as well as between the left ventricle (green cluster) and left 
atrium (yellow cluster).

Analysis of the generated heatmap using the Mean shift 
function reveals hotspots of both high and low receptor 
density within the pericardium (Fig. 7C, E). A quantile 
of 0.1 resulted in four clusters with a distribution similar 
to the hierarchical approach: First, at the exit of the great 

vessels (mainly the aorta and partly the pulmonary trunk). 
Second, at the bulge of the right ventricle (at the largest 
circumference of the heart). Third, at the bulge of the left 
ventricle (at the largest circumference of the heart). Fourth, 
in the region of the left atrium close to the diaphragm where 
the esophagus touches the pericardium. In contrast, regions 
of very low pericardial receptor density are located along 
the interventricular septum and the apex of the heart. The 
portions of the pericardium covering the remaining heart 
regions exhibit moderate receptor density.

Analysis of the generated heatmap using the Mean shift 
function reveals hotspots of both high and low receptor 
density within the pericardium (Fig. 7C, E). A quantile 
of 0.1 resulted in four clusters with a distribution similar 
to the hierarchical approach: First, at the exit of the great 
vessels (mainly the aorta and partly the pulmonary trunk). 
Second, at the bulge of the right ventricle (at the largest 
circumference of the heart). Third, at the bulge of the left 
ventricle (at the largest circumference of the heart). Fourth, 
in the region of the left atrium close to the diaphragm where 
the esophagus touches the pericardium. In contrast, regions 
of very low pericardial receptor density are located along 
the interventricular septum and the apex of the heart. The 
portions of the pericardium covering the remaining heart 
regions exhibit moderate receptor density.

Fig. 3  Localization of Ruffini-like corpuscles (RLCs) within the 
fibrous pericardium. Classification of the localization of RLCs is 
based on the histological organization of the human fibrous pericar-
dium, which can be divided into three sublayers of collagenous fib-
ers interwoven with elastic fibers. By our definition, the pericardial 
sublayer facing the thoracic cavity is the lamina externa (III), the 
middle sublayer is the lamina intermedia (II), and the sublayer touch-
ing the pericardial cavity is the lamina interna (I). The histological 
structure of RLCs in all localizations was identical. Receptors outside 
the fibrous portion of the pericardium were not considered. A His-
tological image (section thickness: 7 μm; stain: Elastica van Gieson; 
scale bar: 50 μm) of the pericardium of an 87-year-old female body 
donor. The 1st receptor localization is between the lamina interna 
(I) and the lamina intermedia (II) of the pericardium. Arrowheads 

point to the RLC positioned between these layers. Receptors of this 
localization are rare (12.5%). B Histological image (section thickness: 
7  μm; stain: Elastica van Gieson; scale bar: 50  μm) of the pericar-
dium of an 80-year-old male body donor. The 2nd receptor localiza-
tion is between the lamina intermedia (II) and the lamina externa (III) 
of the pericardium. Arrowheads direct to the RLC at this location. 
This receptor localization is most abundant (45.7%). C Histological 
image (section thickness: 7 μm; stain: Elastica van Gieson; scale bar: 
50 μm) of the pericardium of a 70-year-old male body donor. The 3rd 
localization is summarized by RLCs mainly as part of the outer bor-
der of the lamina externa (III), touching the thoracic cavity. Arrow-
heads indicate the RLC inside the outermost pericardial sublayer. 
RLCs at this spot were detected second most (41.8%)
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Discussion

The objective of this study was to monitor proprioceptors 
in the human pericardium. RLCs were the only corpuscles 

detected in substantial quantities. According to their position 
within the three pericardial sublayers, the RLCs were 
assigned to three localization classes (Fig. 3). We were able 
to verify the tripartite histological organization of the fibrous 

Fig. 4  Visualization of Ruffini-like corpuscles (RLCs) in the human 
pericardium. To visualize the distribution of RLCs, all receptors of 
the eight pericardia examined were matched to a “standard-pericar-
dium”. Using the histologically detected corpuscles with the adjacent 
environment and magnetic resonance imaging of the “standard-per-
icardium” in all three spatial planes, the receptors were transferred 
to the “standard-pericardium” by matching prominent anatomical 
landmarks. A Anatomical preparation of the heart within pericar-
dium dissected from a 91-year-old formalin-fixed female body donor, 
which was utilized as the “standard-pericardium”. All tissue around 
the pericardium was carefully removed to maintain the heart’s natu-
ral in  situ position on top of the diaphragm. An epoxy resin frame 
ensured the natural form of the diaphragm, whereas hard fixation and 
filling stabilized the heart within its pericardium to allow radiologi-
cal 3D reconstruction by MRI and photogrammetry. Scale bar: 5 cm. 

B Exemplary histological image (section thickness: 7  μm; stain: 
Elastica van Gieson; scale bar: 800  μm) of the pericardium of an 
80-year-old male body donor. All discovered RLCs within the peri-
cardium (center) were matched to the corresponding position on the 
“standard-pericardium,” considering the myocardial topography (left) 
and the surrounding tissue (right). C Radiological volume rendering 
model of the “standard-pericardium” (top), to which all RLCs were 
assigned using the 3D Slicer program. The three forms of the yel-
low dots represent the different localizations of the RLCs within the 
fibrous pericardium (triangle = 1st localization, circle = 2nd localiza-
tion, quadrate = 3rd localization). The three spatial planes included 
in the radiological sequence (bottom) were used for orientation in 
the “standard-pericardium” to achieve the most anatomically correct 
transfer of the receptors. Scale bar: 5 cm
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pericardium in all specimens studied in accordance with the 
literature [29, 30, 73]. Most RLCs were located between the 
lamina intermedia and lamina externa (class 2), and second 
most at the outer border of the pericardium within the lamina 
externa (class 3). We transferred the proprioceptors detected 
in the fibrous pericardial portions of all eight pericardia to 
macroscopic models (Fig. 5). Cluster analysis revealed the 
highest receptor density in the region of the ventricular 
bulges and at the outlet of the great vessels (Fig. 7). It can 
be inferred from these findings on pericardial propriosensing 
that displacements within the fibrous pericardial sublayers 
(class 1 and 2) and expansions at the outer pericardial 
border to the environment (class 3) are registered. These 
relative movements are affected by cardiac parameters, 
such as heart rate, contraction/relaxation, volume shifts 

(end-systolic volume, end-diastolic volume), and ejection 
fraction. Besides, even higher level perceptions such as time 
awareness [3] could be deduced.

In the musculoskeletal system, Ruffini corpuscles 
primarily register stretching, i.e., displacements or 
movements of tissue layers relative to each other [9, 
27]. However, nothing can be found on their function 
in the viscera. Because they have yet not been studied 
electrophysiologically in internal organs, their relevance 
remains unclear and can only be assumed by analogies [75]. 
To date, no mechanoreceptors have been studied directly 
and precisely in either animal or human pericardium. We 
detected most receptors between the lamina intermedia and 
lamina externa and within the lamina externa bordering 
the thoracic cavity. Consequently, local gliding is likely to 

Fig. 5  Distribution of Ruffini-like corpuscles (RLCs) in the human 
pericardium. Mapping and visualization of the proprioceptors were 
performed by digitally transferring all RLCs of the eight pericardia 
studied to a three-dimensional volume-rendering model used as a 
"standard- pericardium”. This three-dimensional model was acquired 
by magnetic resonance imaging from a formalin-fixated heart, includ-
ing the pericardium and diaphragm of a 91-year-old female body 
donor. Transfer of all receptors was implemented using 3D-Slicer 
software. Each receptor location was mapped according to anatomi-
cal landmarks and relative to size, considering the adjacent environ-

ment and cardiac topography. Symbols represent the three pericardial 
localizations of corpuscles (triangle = 1st localization, circle = 2nd 
localization, quadrate = 3rd localization). A total number of 1476 
RLCs was detected. Scale bars: 5 cm. A Distribution of RLCs as seen 
from the front of the pericardium. B Distribution of RLCs as seen 
from the posterior side of the pericardium. C Distribution of RLCs as 
seen from the left and lower sides of the pericardium. D Distribution 
of RLCs seen from above the pericardium
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be particularly important at these sites, whereas the small 
number of receptors found between the lamina interna 
and lamina intermedia probably reflects a subordinate 
role in relative movements of the pericardial sublayers. 
Furthermore, this arrangement allows distinguishing 
displacements between the outer fibrous pericardial 
sublayers, i.e., of the pericardium itself and displacements of 
the pericardium against the adjacent tissues. We suggest that 

Ruffini corpuscles primarily register displacements between 
pericardial sublayers and between the pericardium and its 
adjacent structures. Yet, interpretation of the importance of 
the localization classes is limited as detailed biomechanical 
studies on the significance of the three pericardial sublayers 
are lacking.

As documented in the literature [58], we confirmed the 
sympathetic efferent innervation (tyrosine hydroxylase) of 

Fig. 6  Dendrogram of hierarchical agglomerative clustering. A den-
drogram partitioning the data in a logical distribution of Ruffini-like 
corpuscles using hierarchical agglomerative clustering with WARD 
linkage. We chose a cluster number of four based on the dendrogram, 

as indicated by the black dashed line. The x-axis displays the number 
of points in a given node, while the y-axis shows the cluster distance
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the RLCs, presumably allowing for regulatory control of the 
response thresholds to adrenergic stimuli. The significance 
of autonomic innervation of RLCs in the musculoskeletal 
system is poorly understood. Therefore, no direct analogies 
can be drawn regarding lowering or raising thresholds under 
increased sympathetic tone. Nevertheless, threshold rise 
has been documented for sympathetic activation, lowering 
pain perception [14]. Overall, it is believed that RLCs are 
at least involved in pain perception [64]. This is confirmed 
by the presence of Ruffini corpuscles alongside nociceptive 
fibers [34, 45], suggesting a potential indirect role in 

modulating pain through proprioceptive feedback. However, 
in accordance with others, we could not demonstrate CGRP-
positive fibers in RLCs [65], which are typically involved in 
pain perception [32].

Kostreva and Pontus [37] also reported mechanoreceptor 
conduction in the canine pericardium. However, unlike 
our findings in the human pericardium, these receptors are 
concentrated along the atria and atrioventricular grooves. 
We observed that receptors were concentrated in the area of 
the ventricular bulges and at the outlet of the great vessels. 
Evolutionarily, this discrepancy may be attributed to the 

Fig. 7  Cluster analysis of possible partitions and hotspots within 
the pericardial proprioceptors. Based on their relative coordinates, 
proprioceptors were divided into prospective partitions and areas of 
higher density using cluster analysis. The Python Scikit-learn pack-
age was utilized for this analysis, while the Plotly module was used 
for the 3D scatter plots. We used mean shift clustering in addition to 
the hierarchical method to find the local maxima of neighborhood 
density. Cluster analysis found four potential partitions and regions of 
increased density in the pericardial proprioceptors. The arrangement 
of pericardial receptor partitions correlates to the compartmentaliza-
tion of the heart into four different chambers (blue: right atrium, red: 
right ventricle, green: left ventricle, yellow: left atrium). Hotspots of 
high and low receptor density within the pericardium were discovered 
by Mean shift function analysis of the created heatmap. Four hot-
spots of pericardial proprioceptors are exposed according to the four 
selected clusters. A “Standard pericardium” shown from a ventral 
perspective, displaying four partitions of pericardial proprioceptors 
determined through cluster analysis (blue = right atrium, red = right 
ventricle, green = left ventricle). The interventricular septum sepa-
rates the two ventricles (red and green clusters), while the valvular 

plane separates the atria from the corresponding ventricles (blue and 
red clusters and green and yellow clusters (not visible from this side). 
Scale bar: 5 cm. B “Standard pericardium” viewed from a dorsal per-
spective with four partitions of pericardial proprioceptors identified 
by cluster analysis ((blue = right atrium, green = left ventricle, yel-
low = left atrium). The valvular plane separates the left atria (yellow) 
from the corresponding left ventricles (green). Scale bar: 5  cm. C) 
Heat map of the distribution of pericardial proprioceptors from a ven-
tral perspective. Two hotspots of high receptor density are evident: at 
the exit of the aorta and pulmonary trunk and the right ventricular 
bulge, where the cardiac radius is widest. A low receptor density is 
found along the interventricular septum and at the cardiac apex. D 
Legend of the heat map shown in C and E. The legend displays the 
distance to the density center. E Heat map of the distribution of peri-
cardial proprioceptors from a dorsal perspective. Two more hotspots 
of high receptor density are distinct: at the left ventricular bulge, 
where the cardiac radius is widest, and in the area of the left atrium 
touching the esophagus
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bipedal walk. Human’s erect posture causes a significant 
amount of blood volume to enter the heart following the 
force of gravity and be ejected upward against the force of 
gravity. This results in different volume dynamics compared 
to pumping blood perpendicular to gravity. Furthermore, 
the human heart is more suspended on its great vessels due 
to upright gait, while in quadrupeds, it resides primarily on 
its superior or lateral ventricular walls. Besides, Lee and 
Boughner [41] demonstrated that there are discrepancies 
in the thickness and viscoelastic properties of the human 
and canine pericardium. Consequently, the animal model's 
validity for humans is restricted.

The knowledge regarding the mechanoreceptors in the 
pericardium of animals is notably limited. Morphological 
and electrophysiological studies have identified nerve 
fibers or plexuses in a few animals, which suggests a 
mechanoreceptive function of the pericardium [18, 37, 
61]. Some studies have investigated the potential role of 
mechanosensors in the pericardium and the activities of 
proprioceptive neurons in the spinal cord and cortical regions 
in processing mechanoreceptive information [43]. However, 
as we only identified studies that were likely derived from 
RLC-equipped pericardia of dogs or guinea pigs, it has to be 
stated that there are not sufficient morphological studies to 
improve functional understanding by comparative anatomy 
or evolutionary analyses. Nevertheless, the impact of these 
control circuits on the afferent side on heart dysfunctions 
offers interesting possibilities for therapy.

Our cluster analysis revealed four potential partitions 
and four hotspots of high density among the pericardial 
proprioceptors (Fig. 7). The clustering of pericardial receptor 
partitions corresponds to the heart's compartmentalization 
into four distinct chambers (in Fig. 7A, B, blue = right 
atrium, red = right ventricle, green = left ventricle, 
yellow = left atrium). Cluster boundaries are located at the 
anatomical borders of the heart between the four chambers. 
The interventricular septum separates the two ventricles (red 
and green cluster), while the valvular plane isolates the atria 
from the corresponding ventricles (blue and red cluster and 
green and yellow cluster). Although we see four separate 
measurement zones, it can be assumed that shifts in the 
pericardium at one location lead to signaling at the others.

Four pericardial proprioceptor hotspots (Fig. 7C, E) are 
exposed using the ward function. A prominent cluster of 
RLCs is located at both ventricular bulges, where the radius 
perpendicular to the longitudinal axis of the heart is the 
widest, indicating the outermost extension of the ventricles. 
Additionally, receptors accumulate at the outlet of the great 
vessels, particularly around the ascending aorta, where the 
visceral sheet of the serous pericardium transitions to the 
parietal sheet. These regions undergo significant volume 
changes during the cardiac cycle. Pronounced volume-
related stretching of the pericardial layers is, therefore, 

sensed by a particularly large number of RLCs, emphasizing 
the most robust signals. For the hotspot surrounding the 
outlet of the great vessels, the fluctuation in diameter of the 
aorta and the pulmonary trunk (i.e., Windkessel function) 
must be considered. Volume fluctuations during swallowing 
may explain the additional receptor hotspot in the region of 
the left atrium bordering the esophagus. The low receptor 
density in the region of the interventricular septum may be 
attributed to its extraordinary role in the biomechanics of the 
cardiac cycle [68], whereas the missing receptors in the apex 
may be due to its limited exposure to volumetric changes, 
as it remains more stationary during the cardiac actions of 
the ventricles [28]. Accordingly, monitoring cardiac volume 
changes through pericardial proprioceptors does not appear 
relevant at these sites.

Sherrington [60] described proprioceptive “reflex arcs”, 
in which a motor response was observed as a feedback 
mechanism to a proprioceptive stimulus. Tuthill and Azim 
[69] reviewed the existence of supraspinal ascending 
proprioceptive pathways, in addition to the basic spinal 
reflex pathways that directly signal from proprioceptors 
to interneurons and motoneurons in the spinal cord. 
Ruffini corpuscles might serve as an external control 
mechanism capable of perceiving the stretching of the 
heart during cardiac cycle. However, proprioceptors in 
the human pericardium cannot provide the same level of 
control arc as extrinsic reflexes of skeletal muscles, as the 
heart lacks direct neuronal motor excitation. Nonetheless, 
proprioceptors likely modulate various cardiac parameters. 
It is generally accepted that the autonomic nervous system 
has an influence on cardiac output [11, 54]. RLCs detect 
shifts between pericardial sublayers and could be relevant 
for cardiac feedback by modulating the sympathetic or 
parasympathetic nervous system. Proprioceptive monitoring 
may, therefore, lead to changes in dromotropy, lusitropy, 
chronotropy, inotropy, and bathmotropy, either individually 
or in any combination. However, relative to each other, shifts 
of the pericardial sublayers depend on volume changes in 
time, location, and rate. As a result, Ruffini corpuscles would 
primarily provide information on heart rate (chronotropy) 
and stroke volume (inotropy and lusitropy).

Potentially disturbed pericardial feedback could play a 
critical role in the pathogenesis of several diseases. Changes 
in movement and distension of pericardial regions may cause 
significant alterations in sensory signaling. This could, 
for example, be attributed to an increase in the amount 
of pericardial fluid, such as in cases of pericardial serous 
effusion or hemorrhage. In such instances, the rapidly 
developing hemorrhage leads to greater receptor excitement 
resulting from the fast displacement of pericardial sublayers 
than it would occur during a slower increase in serous fluid 
production. On the other hand, an existing effusion, by 
utilizing the stretching reserve combined with a smaller 
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extension of the heart, leads to fewer displacements of the 
pericardial layers. This will likely result in less contrasted 
feedback, negatively impacting cardiac regulation. The 
subsequent inadequate proprioceptive feedback may 
contribute to palpitations.

Fibrotic remodeling of the pericardium following 
pericarditis or intervention-induced scar formation reduces 
elasticity, causing the pericardial sublayers to adhere to 
one another. This adhesion limits or entirely prevents the 
expansion and relative sliding of the pericardial sublayers. 
Consequently, the afferent limb of the pericardial loop 
becomes inadequate.

Disrupting the pericardium’s integrity, such as in 
pericardial opening during surgical procedures or 
pericardiectomy, may lead to decreased sensitivity. 
Particularly pericardiectomy, implemented as a treatment 
for pericarditis, is associated with high perioperative and 
long-term mortality rates [4, 20, 46]. This may indicate 
that the pericardium performs mechanical functions and is 
also involved in feedback to monitor cardiac function. A 
resection of the pericardium or cases where the pericardium 
is left open could lead to a partial or complete loss of the 
afferent proprioceptive pericardial limb. This might be 
associated with life-threatening symptoms.

It is relevant to note that in the context of pericardial 
diseases in the scientific literature, the pathophysiology is 
mainly reduced to mechanical consequences, and others, e.g. 
sensory functions, are not taken into account. This may be 
due to the lack of information about sensory feedback from 
the pericardium. However, it is crucial to consider impaired 
regulation as another relevant factor in the pathophysiology 
of constrictive pericarditis, cardiac tamponade, and 
pericardial integrity disturbances. This perspective also 
suggests potential avenues for therapeutic interventions [2].

The use of pericardial tissue exclusively from body 
donors, with an average age of 82 years, led to limitations 
of this study. Potentially, the number and distribution of 
RLCs may differ in younger age cohorts and change with 
aging. It has been observed in both human and animal 
musculoskeletal systems that the number of proprioceptors 
tends to decline with age [5, 42, 44]. However, Ruffini 
corpuscles have a unique capacity for regeneration [77]. 
Therefore, objective evaluations of the receptor number in 
younger populations and their possible dynamics cannot 
be conducted. Furthermore, only RLCs can be accurately 
identified when their fusiform shape is cut longitudinally 
parallel to the orientation of the collagen. It is plausible 
that there may exist corpuscles running vertically between 
the pericardial sublayers, but their identification remains 
uncertain. Since the extent of this component is unclear, 
we have refrained from extrapolating the total amount of 
RLCs to the entire pericardial surface. Despite the limited 
number of pericardia, we observed clear foci in the receptor 

distribution that were consistent throughout all specimens. 
Because of the limited comparable literature, there is 
no further support for explaining this striking spatial 
distribution. These observations thus serve as a foundation 
for following functional studies and provide a suitable basis 
for digital experiments.

Our study demonstrated the existence of RLCs within 
the fibrous pericardium. Confirmation with other methods, 
such as electrophysiological studies or evidence of feedback 
mechanisms, would be required for further evidence. 
However, the high number of receptors suggests significant 
implications. Therefore, we suggest that pericardium serves 
an undiscovered function as a sensor with the RLCs as its 
anatomical correlate.

Essentials

(1) RLCs are present in large numbers in the human 
pericardium, (2) Based on the tripartite histological 
organization of the human pericardium, they can be 
classified into three localization groups, (3) The receptor 
distribution follows a distinct pattern with highest density 
in the region of the largest ventricular diameter and at 
the transition to the large vessels, and (4) No sex-specific 
differences in the number or distribution of receptors can 
be detected.

Inferential, the human pericardium is subject to neural 
proprioceptive control.

Acknowledgements The authors thank all body donors for their will-
ingness to give their own bodies after death for the purposes of sci-
ence and teaching. We thank the Core Facility for Magnetic Resonance 
Imaging of the Medical Faculty of the Heinrich Heine University Düs-
seldorf for performing the MRI measurements. The authors express 
their gratitude to all the personnel of the prosecture and laboratory for 
their technical assistance throughout the project.

Author contributions Conceptualization: LMP, TJF; methodology: 
LMP, TJF, EB, PB; formal analysis and investigation: LMP, TJF; 
writing—original draft preparation: LMP; writing—review and editing: 
TJF, SC, CH, MW-V, EB; financial support: SC; supervision: TJF.

Funding Open Access funding enabled and organized by Projekt 
DEAL. Institutional funding.

Data availability We can provide datasets for 3D data (3D-Slicer), 
statistics (SPSS), and visualization of cluster analysis (HTML).

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval The study was approved by the Ethics Committee of 
the medical faculty of the University of Düsseldorf with the number 
2021–1565, adhering to the following criteria: Declaration of Helsinki 



1041Basic Research in Cardiology (2024) 119:1029–1043 

and written consent for the use of body materials for study and research 
purposes.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. https:// plotly. com/ chart- studio help/citations/#step-1-citing-plotly; 
Citing Plotly and Chart Studio Graphs in Papers, 01.04.2024

 2. Advokat C, Duke M (1999) Comparison of morphine-induced 
effects on thermal nociception, mechanoreception, and hind limb 
flexion in chronic spinal rats. Exp Clin Psychopharmacol 7:219–
225. https:// doi. org/ 10. 1037/ 1064- 1297.7. 3. 219

 3. Arslanova I, Kotsaris V, Tsakiris M (2023) Perceived time 
expands and contracts within each heartbeat. Curr Biol 33:1389-
1395.e1384. https:// doi. org/ 10. 1016/j. cub. 2023. 02. 034

 4. Avgerinos D, Rabitnokov Y, Worku B, Neragi-Miandoab S, 
Girardi LN (2014) Fifteen-year experience and outcomes of peri-
cardiectomy for constrictive pericarditis. J Card Surg 29:434–438. 
https:// doi. org/ 10. 1111/ jocs. 12344

 5. Aydoğ ST, Korkusuz P, Doral MN, Tetik O, Demirel HA (2006) 
Decrease in the numbers of mechanoreceptors in rabbit ACL: the 
effects of ageing. Knee Surg Sports Traumatol Arthrosc 14:325–
329. https:// doi. org/ 10. 1007/ s00167- 005- 0673-2

 6. Bankhead P, Loughrey MB, Fernández JA, Dombrowski Y, McArt 
DG, Dunne PD, McQuaid S, Gray RT, Murray LJ, Coleman HG, 
James JA, Salto-Tellez M, Hamilton PW (2017) QuPath: open 
source software for digital pathology image analysis. Sci Rep 
7:16878. https:// doi. org/ 10. 1038/ s41598- 017- 17204-5

 7. Blumer R, Carrero-Rojas G, Calvo PM, Streicher J, de la Cruz 
RR, Pastor AM (2024) Proprioceptors in extraocular muscles. Exp 
Physiol 109:17–26. https:// doi. org/ 10. 1113/ ep090 765

 8. Ceelen DW (1912) Über das Vorkommen von Vater-Pacini’schen 
Körperchen am menschlichen Pankreas und über eine krankhafte 
Veränderung derselben. Virchows Archiv für Pathologische Anat-
omie und Physiologie und für klinische Medizin 208:460–472

 9. Chambers MR, Andres KH, von Duering M, Iggo A (1972) The 
structure and function of the slowly adapting type II mechanore-
ceptor in hairy skin. Q J Exp Physiol Cogn Med Sci 57:417–445. 
https:// doi. org/ 10. 1113/ expph ysiol. 1972. sp002 177

 10. Comaniciu D, Meer P (2002) Mean shift: a robust approach 
toward feature space analysis. IEEE Trans Pattern Anal Mach 
Intell 24:603–619. https:// doi. org/ 10. 1109/ 34. 10002 36

 11. Coote JH, Spyer KM (2018) Central control of autonomic func-
tion. Brain Neurosci Adv 2:2398212818812012. https:// doi. org/ 
10. 1177/ 23982 12818 812012

 12. de Carlos F, Cobo J, Macías E, Feito J, Cobo T, Calavia MG, 
García-Suárez O, Vega JA (2013) The sensory innervation of 
the human pharynx: searching for mechanoreceptors. Anat Rec 
(Hoboken) 296:1735–1746. https:// doi. org/ 10. 1002/ ar. 22792

 13. Desmedt O, Luminet O, Maurage P, Corneille O (2023) Discrep-
ancies in the definition and measurement of human interoception: 

a comprehensive discussion and suggested ways forward. Perspect 
Psychol Sci. https:// doi. org/ 10. 1177/ 17456 91623 11915 37

 14. Devoize L, Dualé C, Dubray C, Dallel R (2017) Impact of sym-
pathetic activation on pain threshold in human subjects. Physiol 
Behav 177:1–3. https:// doi. org/ 10. 1016/j. physb eh. 2017. 04. 003

 15. Di Pasquale G, Ruffini M, Piolanti S, Gambari PI, Roversi R, 
Pinelli G (1992) Congenital absence of pericardium as unusual 
cause of T wave abnormalities in a young athlete. Clin Cardiol 
15:859–861. https:// doi. org/ 10. 1002/ clc. 49601 51112

 16. Elbadawi A, Baig B, Alotaki E, Khalid H, Khan M (2019) Con-
genital absence of the pericardium: a rare and challenging diagno-
sis. Jaapa 32:37–39. https:// doi. org/ 10. 1097/ 01. JAA. 00005 54223. 
33382. c0

 17. Elias H, Boyd LJ (1960) Notes on the anatomy, embryology, 
and histology of the pericardium. II. N Y Med Coll News Notes 
2:50–75

 18. Ellison JP (1971) Cholinesterase-positive and catecholamine-
containing nerves in the guinea-pig pericardium. Am J Anat 
131:121–131. https:// doi. org/ 10. 1002/ aja. 10013 10108

 19. Fabian P (2011) Scikit-learn: machine learning in Python. J 
Mach Learn Res 12:2825

 20. Faiza Z, Prakash A, Namburi N, Johnson B, Timsina L, Lee 
LS (2021) Fifteen-year experience with pericardiectomy at a 
tertiary referral center. J Cardiothorac Surg 16:180. https:// doi. 
org/ 10. 1186/ s13019- 021- 01561-4

 21. Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-
Robin JC, Pujol S, Bauer C, Jennings D, Fennessy F, Sonka 
M, Buatti J, Aylward S, Miller JV, Pieper S, Kikinis R (2012) 
3D Slicer as an image computing platform for the Quantitative 
Imaging Network. Magn Reson Imaging 30:1323–1341. https:// 
doi. org/ 10. 1016/j. mri. 2012. 05. 001

 22. García-Suárez O, Calavia MG, Pérez-Moltó FJ, Alvarez-Abad 
C, Pérez-Piñera P, Cobo JM, Vega JA (2010) Immunohisto-
chemical profile of human pancreatic pacinian corpuscles. Pan-
creas 39:403–410. https:// doi. org/ 10. 1097/ MPA. 0b013 e3181 
bc0372

 23. Gehlmann HR, van Ingen GJ (1989) Symptomatic congeni-
tal complete absence of the left pericardium. Case report and 
review of the literature. Eur Heart J 10:670–675. https:// doi. org/ 
10. 1093/ oxfor djour nals. eurhe artj. a0595 45

 24. Glantz SA, Misbach GA, Moores WY, Mathey DG, Lekven J, 
Stowe DF, Parmley WW, Tyberg JV (1978) The pericardium 
substantially affects the left ventricular diastolic pressure-vol-
ume relationship in the dog. Circ Res 42:433–441. https:// doi. 
org/ 10. 1161/ 01. res. 42.3. 433

 25. Goldfarb B, Gold D, Latts E, Wexler H, Wang Y (1966) Recur-
rent “pericardial pain” after pericardiectomy for recurrent acute 
benign pericarditis. Circulation 33:283–286. https:// doi. org/ 10. 
1161/ 01. cir. 33.2. 283

 26. Gupta P, Singh A, Gupta RK (2021) Pacinian corpuscles in 
pancreas: possible clinical implications. Pancreas 50:e56–e57. 
https:// doi. org/ 10. 1097/ mpa. 00000 00000 001847

 27. Halata Z (1988) Ruffini corpuscle–a stretch receptor in the 
connective tissue of the skin and locomotion apparatus. Prog 
Brain Res 74:221–229. https:// doi. org/ 10. 1016/ s0079- 6123(08) 
63017-4

 28. Hamilton W, Rompf J (1932) Movements of the base of the 
ventricle and the relative constancy of the cardiac volume. Am 
J Physiol-Legacy Content 102:559–565

 29. Hoit BD (2017) Anatomy and physiology of the pericardium. 
Cardiol Clin 35:481–490. https:// doi. org/ 10. 1016/j. ccl. 2017. 07. 
002

 30. Holt JP (1970) The normal pericardium. Am J Cardiol 26:455–
465. https:// doi. org/ 10. 1016/ 0002- 9149(70) 90702-2

 31. Hort W, Bräun H (1962) Untersuchungen über Größe, Wand-
stärke und mikroskopischen Aufbau des Herzbeutels unter 

http://creativecommons.org/licenses/by/4.0/
https://plotly.com/chart-studio
https://doi.org/10.1037/1064-1297.7.3.219
https://doi.org/10.1016/j.cub.2023.02.034
https://doi.org/10.1111/jocs.12344
https://doi.org/10.1007/s00167-005-0673-2
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1113/ep090765
https://doi.org/10.1113/expphysiol.1972.sp002177
https://doi.org/10.1109/34.1000236
https://doi.org/10.1177/2398212818812012
https://doi.org/10.1177/2398212818812012
https://doi.org/10.1002/ar.22792
https://doi.org/10.1177/17456916231191537
https://doi.org/10.1016/j.physbeh.2017.04.003
https://doi.org/10.1002/clc.4960151112
https://doi.org/10.1097/01.JAA.0000554223.33382.c0
https://doi.org/10.1097/01.JAA.0000554223.33382.c0
https://doi.org/10.1002/aja.1001310108
https://doi.org/10.1186/s13019-021-01561-4
https://doi.org/10.1186/s13019-021-01561-4
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1097/MPA.0b013e3181bc0372
https://doi.org/10.1097/MPA.0b013e3181bc0372
https://doi.org/10.1093/oxfordjournals.eurheartj.a059545
https://doi.org/10.1093/oxfordjournals.eurheartj.a059545
https://doi.org/10.1161/01.res.42.3.433
https://doi.org/10.1161/01.res.42.3.433
https://doi.org/10.1161/01.cir.33.2.283
https://doi.org/10.1161/01.cir.33.2.283
https://doi.org/10.1097/mpa.0000000000001847
https://doi.org/10.1016/s0079-6123(08)63017-4
https://doi.org/10.1016/s0079-6123(08)63017-4
https://doi.org/10.1016/j.ccl.2017.07.002
https://doi.org/10.1016/j.ccl.2017.07.002
https://doi.org/10.1016/0002-9149(70)90702-2


1042 Basic Research in Cardiology (2024) 119:1029–1043

normalen und pathologischen Bedingungen. Arch Kreislauf-
forsch 38:1–22

 32. Iyengar S, Ossipov MH, Johnson KW (2017) The role of calci-
tonin gene-related peptide in peripheral and central pain mecha-
nisms including migraine. Pain 158:543–559. https:// doi. org/ 10. 
1097/j. pain. 00000 00000 000831

 33. Jaworska-Wilczynska M, Trzaskoma P, Szczepankiewicz AA, 
Hryniewiecki T (2016) Pericardium: structure and function in 
health and disease. Folia Histochem Cytobiol 54:121–125. https:// 
doi. org/ 10. 5603/ FHC. a2016. 0014

 34. Jozsa L, Balint J, Kannus P, Järvinen M, Lehto M (1993) Mecha-
noreceptors in human myotendinous junction. Muscle Nerve 
16:453–457. https:// doi. org/ 10. 1002/ mus. 88016 0503

 35. Kapa S, Venkatachalam KL, Asirvatham SJ (2010) The autonomic 
nervous system in cardiac electrophysiology: an elegant interac-
tion and emerging concepts. Cardiol Rev 18:275–284. https:// doi. 
org/ 10. 1097/ CRD. 0b013 e3181 ebb152

 36. Khandaker MH, Espinosa RE, Nishimura RA, Sinak LJ, Hayes 
SN, Melduni RM, Oh JK (2010) Pericardial disease: diagnosis 
and management. Mayo Clin Proc 85:572–593. https:// doi. org/ 
10. 4065/ mcp. 2010. 0046

 37. Kostreva DR, Pontus SP (1993) Pericardial mechanoreceptors 
with phrenic afferents. Am J Physiol 264:H1836-1846. https:// 
doi. org/ 10. 1152/ ajphe art. 1993. 264.6. H1836

 38. Kuder T, Nowak E (2015) Autonomic cardiac nerves: literature 
review. Folia Morphol (Warsz) 74:1–8. https:// doi. org/ 10. 5603/ 
fm. 2015. 0003

 39. Landau BR, Akert K, Roberts T (1962) Studies on the innervation 
of the diaphragm. Journal of Comparative Neurology 119:1–10

 40. Langford LA, Schmidt RF (1983) An electron microscopic analy-
sis of the left phrenic nerve in the rat. Anat Rec 205:207–213. 
https:// doi. org/ 10. 1002/ ar. 10920 50211

 41. Lee JM, Boughner DR (1985) Mechanical properties of human 
pericardium. Differences in viscoelastic response when compared 
with canine pericardium. Circ Res 57:475–481. https:// doi. org/ 10. 
1161/ 01. res. 57.3. 475

 42. Li B, Luo XD, Wen Y (2019) Changes in mechanoreceptors in 
rabbits’ anterior cruciate ligaments with age. J Mol Histol 50:229–
237. https:// doi. org/ 10. 1007/ s10735- 019- 09820-4

 43. Maier S, Goebel U, Krause S, Benk C, Schick MA, Buerkle H, 
Beyersdorf F, Kari FA, Wollborn J (2018) Somatosensory and 
transcranial motor evoked potential monitoring in a porcine model 
for experimental procedures. PLoS ONE 13:e0205410. https:// doi. 
org/ 10. 1371/ journ al. pone. 02054 10

 44. Morisawa Y (1998) Morphological study of mechanoreceptors on 
the coracoacromial ligament. J Orthop Sci 3:102–110. https:// doi. 
org/ 10. 1007/ s0077 60050 029

 45. Munger BL (1982) Multiple afferent innervation of primate facial 
hairs–Henry Head and Max von Frey revisited. Brain Res 257:1–
43. https:// doi. org/ 10. 1016/ 0165- 0173(82) 90002-9

 46. Murashita T, Schaff HV, Daly RC, Oh JK, Dearani JA, Stulak JM, 
King KS, Greason KL (2017) Experience with pericardiectomy 
for constrictive pericarditis over eight decades. Ann Thorac Surg 
104:742–750. https:// doi. org/ 10. 1016/j. athor acsur. 2017. 05. 063

 47. Nair J, Streeter KA, Turner SMF, Sunshine MD, Bolser DC, Fox 
EJ, Davenport PW, Fuller DD (2017) Anatomy and physiology of 
phrenic afferent neurons. J Neurophysiol 118:2975–2990. https:// 
doi. org/ 10. 1152/ jn. 00484. 2017

 48. Nasser W, Feigenbaum H, Helmen C (1966) Congenital absence 
of the left pericardium. Circulation 34:100–104. https:// doi. org/ 
10. 1161/ 01. cir. 34.1. 100

 49. Nasser WK, Helmen C, Tavel ME, Feigenbaum H, Fisch C (1970) 
Congenital absence of the left pericardium. Clinical, electrocardi-
ographic, radiographic, hemodynamic, and angiographic findings 

in six cases. Circulation 41:469–478. https:// doi. org/ 10. 1161/ 01. 
cir. 41.3. 469

 50. Nielsen F (2016) Introduction to HPC with MPI for Data Science. 
Springer, New York

 51. Olausson H, Wessberg J, Kakuda N (2000) Tactile directional 
sensibility: peripheral neural mechanisms in man. Brain Res 
866:178–187. https:// doi. org/ 10. 1016/ s0006- 8993(00) 02278-2

 52. Oliveira CC, Vieira C, Bettencourt N, Pereira VH (2021) Peri-
cardial agenesis: a rare cause of chest pain. Eur Heart J 42:282. 
https:// doi. org/ 10. 1093/ eurhe artj/ ehaa6 66

 53. Page DM, George JA, Wendelken SM, Davis TS, Kluger DT, 
Hutchinson DT, Clark GA (2021) Discriminability of multiple 
cutaneous and proprioceptive hand percepts evoked by intra-
neural stimulation with Utah slanted electrode arrays in human 
amputees. J Neuroeng Rehabil 18:12. https:// doi. org/ 10. 1186/ 
s12984- 021- 00808-4

 54. Paton J, Spyer K (2013) Central nervous control of the cardio-
vascular system. Autonomic failure: a textbook of clinical disor-
ders of the autonomic nervous system. Oxford University Press, 
Oxford, pp 35–51

 55. Raman SV, Daniels CJ, Katz SE, Ryan JM, King MA (2001) Con-
genital absence of the pericardium. Circulation 104:1447–1448. 
https:// doi. org/ 10. 1161/ hc3701. 095486

 56. Ratib O, Perloff JK, Williams WG (2001) Congenital complete 
absence of the pericardium. Circulation 103:3154–3155. https:// 
doi. org/ 10. 1161/ hc2501. 092237

 57. Rayamajhi S, Shrestha R, Shahi K, Adhikari B, Mahaseth A 
(2022) Congenital pericardial agenesis presenting as non-specific 
chest pain: a case report. Radiol Case Rep 17:4462–4465. https:// 
doi. org/ 10. 1016/j. radcr. 2022. 08. 075

 58. Reznik M (1996) Structure and functions of the cutaneous nervous 
system. Pathol Biol (Paris) 44:831–837

 59. Scheuermann-Freestone M, Orchard E, Francis J, Petersen M, 
Friedrich M, Rashid A, Shore D, Myerson S, Neubauer S (2007) 
Images in cardiovascular medicine. Partial congenital absence of 
the pericardium. Circulation 116:e126-129. https:// doi. org/ 10. 
1161/ circu latio naha. 107. 701599

 60. Sherrington CS (1907) On the proprio-ceptive system, especially 
in its reflex aspect. Brain 29:467–482

 61. Sleight P, Widdicombe JG (1965) Action potentials in afferent 
fibres from pericardial mechanoreceptors in the dog. J Physiol 
181:259–269. https:// doi. org/ 10. 1113/ jphys iol. 1965. sp007 759

 62. Spiriev T, Mitev A, Stoykov V, Dimitrov N, Maslarski I, Nakov V 
(2022) Three-dimensional immersive photorealistic layered dis-
section of superficial and deep back muscles: anatomical study. 
Cureus 14:e26727. https:// doi. org/ 10. 7759/ cureus. 26727

 63. Standop J, Ulrich A, Schneider MB, Andrén-Sandberg A, Pour 
PM (2001) Pacinian corpuscle in the human pancreas. Pancreas 
23:36–39. https:// doi. org/ 10. 1097/ 00006 676- 20010 7000- 00005

 64. Suarez-Rodriguez V, Fede C, Pirri C, Petrelli L, Loro-Ferrer JF, 
Rodriguez-Ruiz D, De Caro R, Stecco C (2022) Fascial innerva-
tion: a systematic review of the literature. Int J Mol Sci. https:// 
doi. org/ 10. 3390/ ijms2 31056 74

 65. Tarumoto R, Murakami M, Imai S, Maeda T, Hukuda S (1998) A 
morphometric analysis of protein gene product 9.5-, substance P-, 
and calcitonin gene-related peptide immunoreactive innervation 
in the shoulder joint of the Japanese macaque. J Shoulder Elbow 
Surg 7:522–528. https:// doi. org/ 10. 1016/ s1058- 2746(98) 90206-3

 66. Taylor EW, Leite CA, Sartori MR, Wang T, Abe AS, Crossley DA 
2nd (2014) The phylogeny and ontogeny of autonomic control of 
the heart and cardiorespiratory interactions in vertebrates. J Exp 
Biol 217:690–703. https:// doi. org/ 10. 1242/ jeb. 086199

 67. Topilsky Y, Tabatabaei N, Freeman WK, Saleh HK, Villarraga 
HR, Mulvagh SL (2010) Images in cardiovascular medicine. 

https://doi.org/10.1097/j.pain.0000000000000831
https://doi.org/10.1097/j.pain.0000000000000831
https://doi.org/10.5603/FHC.a2016.0014
https://doi.org/10.5603/FHC.a2016.0014
https://doi.org/10.1002/mus.880160503
https://doi.org/10.1097/CRD.0b013e3181ebb152
https://doi.org/10.1097/CRD.0b013e3181ebb152
https://doi.org/10.4065/mcp.2010.0046
https://doi.org/10.4065/mcp.2010.0046
https://doi.org/10.1152/ajpheart.1993.264.6.H1836
https://doi.org/10.1152/ajpheart.1993.264.6.H1836
https://doi.org/10.5603/fm.2015.0003
https://doi.org/10.5603/fm.2015.0003
https://doi.org/10.1002/ar.1092050211
https://doi.org/10.1161/01.res.57.3.475
https://doi.org/10.1161/01.res.57.3.475
https://doi.org/10.1007/s10735-019-09820-4
https://doi.org/10.1371/journal.pone.0205410
https://doi.org/10.1371/journal.pone.0205410
https://doi.org/10.1007/s007760050029
https://doi.org/10.1007/s007760050029
https://doi.org/10.1016/0165-0173(82)90002-9
https://doi.org/10.1016/j.athoracsur.2017.05.063
https://doi.org/10.1152/jn.00484.2017
https://doi.org/10.1152/jn.00484.2017
https://doi.org/10.1161/01.cir.34.1.100
https://doi.org/10.1161/01.cir.34.1.100
https://doi.org/10.1161/01.cir.41.3.469
https://doi.org/10.1161/01.cir.41.3.469
https://doi.org/10.1016/s0006-8993(00)02278-2
https://doi.org/10.1093/eurheartj/ehaa666
https://doi.org/10.1186/s12984-021-00808-4
https://doi.org/10.1186/s12984-021-00808-4
https://doi.org/10.1161/hc3701.095486
https://doi.org/10.1161/hc2501.092237
https://doi.org/10.1161/hc2501.092237
https://doi.org/10.1016/j.radcr.2022.08.075
https://doi.org/10.1016/j.radcr.2022.08.075
https://doi.org/10.1161/circulationaha.107.701599
https://doi.org/10.1161/circulationaha.107.701599
https://doi.org/10.1113/jphysiol.1965.sp007759
https://doi.org/10.7759/cureus.26727
https://doi.org/10.1097/00006676-200107000-00005
https://doi.org/10.3390/ijms23105674
https://doi.org/10.3390/ijms23105674
https://doi.org/10.1016/s1058-2746(98)90206-3
https://doi.org/10.1242/jeb.086199


1043Basic Research in Cardiology (2024) 119:1029–1043 

Pendulum heart in congenital absence of the pericardium. Circu-
lation 121:1272–1274. https:// doi. org/ 10. 1161/ CIR. 0b013 e3181 
d73b9b

 68. Triposkiadis F, Xanthopoulos A, Boudoulas KD, Giamouzis G, 
Boudoulas H, Skoularigis J (2022) The interventricular septum: 
structure, function, dysfunction, and diseases. J Clin Med. https:// 
doi. org/ 10. 3390/ jcm11 113227

 69. Tuthill JC, Azim E (2018) Proprioception. Curr Biol 
28:R194-r203. https:// doi. org/ 10. 1016/j. cub. 2018. 01. 064

 70. Van Stee EW (1978) Autonomic innervation of the heart. Environ 
Health Perspect 26:151–158. https:// doi. org/ 10. 1289/ ehp. 78261 51

 71. Varga I, Nosál M, Babál P (2020) Ectopic lamellar Pacinian cor-
puscle within the thymus. Atypical or abnormal location? Rom 
J Morphol Embryol 61:273–276. https:// doi. org/ 10. 47162/ rjme. 
61.1. 33

 72. Vogiatzidis K, Zarogiannis SG, Aidonidis I, Solenov EI, Moly-
vdas PA, Gourgoulianis KI, Hatzoglou C (2015) Physiology of 
pericardial fluid production and drainage. Front Physiol 6:62. 
https:// doi. org/ 10. 3389/ fphys. 2015. 00062

 73. Wallraff J (1937) Der menschliche Herzbeutel, sein Bau und seine 
Bedeutung für den Kreislauf. Morph Jb 80:355

 74. Ward JH Jr (1963) Hierarchical grouping to optimize an objective 
function. J Am Stat Assoc 58:236–244

 75. Watkins RH, de Carvalho D, Amante M, Backlund Wasling H, 
Wessberg J, Ackerley R (2022) Slowly-adapting type II afferents 
contribute to conscious touch sensation in humans: evidence from 
single unit intraneural microstimulation. J Physiol 600:2939–
2952. https:// doi. org/ 10. 1113/ jp282 873

 76. Weissbein AS, Heller FN (1961) A method of treatment for peri-
cardial pain. Circulation 24:607–612. https:// doi. org/ 10. 1161/ 01. 
cir. 24.3. 607

 77. Yang L, Chen J, Yang C, Pang X, Li D, Wu B, Wu Y, Lu X, Xu 
J, Chen X, Peng B (2018) Cervical intervertebral disc degenera-
tion contributes to dizziness: a clinical and immunohistochemical 
study. World Neurosurg 119:e686–e693. https:// doi. org/ 10. 1016/j. 
wneu. 2018. 07. 243

https://doi.org/10.1161/CIR.0b013e3181d73b9b
https://doi.org/10.1161/CIR.0b013e3181d73b9b
https://doi.org/10.3390/jcm11113227
https://doi.org/10.3390/jcm11113227
https://doi.org/10.1016/j.cub.2018.01.064
https://doi.org/10.1289/ehp.7826151
https://doi.org/10.47162/rjme.61.1.33
https://doi.org/10.47162/rjme.61.1.33
https://doi.org/10.3389/fphys.2015.00062
https://doi.org/10.1113/jp282873
https://doi.org/10.1161/01.cir.24.3.607
https://doi.org/10.1161/01.cir.24.3.607
https://doi.org/10.1016/j.wneu.2018.07.243
https://doi.org/10.1016/j.wneu.2018.07.243

	Titelblatt_Piermaier_final
	Piermaier_Proprioceptors
	Proprioceptors of the human pericardium
	Abstract
	Introduction
	Methods
	Body donation
	Macroscopical sectioning
	Tissue processing and staining
	Data collection
	Statistics
	Visualization
	MRI
	Photogrammetry
	Image presentation


	Results
	Discussion
	Essentials

	Acknowledgements 
	References





