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1. Introduction

1.1. General overview

Among rheumatic and musculoskeletal diseases (RMD) we know more than 100
different types of arthritis. Although none of these inflammatory joint diseases are on the
World Health Organization’s (WHO) list of top 10 causes of death (1), in many cases
they lead to severe disability over the years. In 2019 RMDs were responsible for 5.96%
of disability-adjusted life years (DALY) in Hungary, for 7.59% in the European Region
and for 12.50% in the USA with a relative increase of 48%, 32% and 18% in the last 30
years, respectively (2). In 2013 the total medical costs and earnings losses due to any kind
of arthritis were $304 billion in the USA (3).

RMDs may impair different anatomical components of joints (soft tissue elements,
bone, cartilage), in diverse locations, uni- or bilaterally, depending on the nature and
severity of disease. This thesis shall focus on macro- and microscopic anatomical
questions from the perspective of ultrasonographic imaging on the 2" to 5%
metacarpophalangeal joints (MCP2-5), in connection with the well-known form of
inflammatory joint disease, namely, the rheumatoid arthritis (RA), as these joints are
frequently affected in early as well as later stages of the disease (4).

Although only 0.5-1% of the population is affected by RA in developed countries (5),
25-50% of the patients will be off work within 10-20 years from the first diagnosis (6).
The working disability can be explained first of all by chronic articular changes, e.g.
deformity of the joints, cartilage loss and bone erosion, where cartilage damage has been
identified as the leading cause for severe and permanent physical disability (7-9).
Furthermore, mortality is 1.5-1.6 fold increased in the RA population, caused mostly by
associated extraarticular complications (e. g. cardiovascular, pulmonary, hematological
problems) (10). RA is an autoimmune and, in accordance with the extraarticular
symptoms, a systemic disease. Typical early symptoms of RA comprise symmetrical pain
and stiffness of the hand, wrist, knee, ankle and foot. About two third of the patients are
female (11, 12). The menopausal age is frequently associated with functional worsening
(13). The course of disease can be characterized by the typical fluctuation between
remission and relapse related to disease activity and applied therapy. The earlier the

clinician makes the diagnosis, the wider the range of therapeutic possibilities is with a
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better prognosis of life quality and life expectancies. The same is true during the follow-
up of patients’ condition (14).

Smolen et al. introduced a patient vs. problem based diagnostic and therapeutic strategy,
the “treat-to-target’ (T2T) approach for RA (15, 16). The patient-centered monitoring of
disease activity is an important key point of this concept. However, the way of disease
activity measurement depends on the chosen classification. In 2019 the American College
of Rheumatology (ACR) registered 46 different disease activity measures, and
recommended only five of them (17).

None of these scoring systems obligatorily include the imaging of the joints. However,
behind physical and laboratory examination and any kind of patient questionnaire,
minimal inflammatory signs can be detected (to a certain extent) by contemporary
ultrasound (US) equipment even in the small hand joints. Frequent pathological
alterations comprise of synovial effusion and hyperplasia, hypervascularization (resulting
both from vasodilatation and angioneogenesis), accompanied by cartilage loss and bone

erosion in the chronic stage of the disease. (18, 19).

1.2. Anatomical overview

The goal of this chapter is not to repeat in detail any well-known anatomical description,
but to summarize the relevant structural characteristics of MCP2-5 joints and to highlight
nomenclatural discrepancies or deficiencies between general anatomical knowledge and
the terms used in the literature, clinical routine and current thesis, respectively.

The MCP2-5 joints are geometrically typical spheroid joints between the metacarpal
head and the base of the proximal phalanx. A thin capsule encloses the joint cavity tightly.
Joint surfaces are covered by hyaline cartilage. (Figure 1A)

Considering the normal bone anatomy of the metacarpal heads, they reveal on the
palmar, dorsal and on their lateral surfaces a deepening directly behind the smooth
articular surface. Usually only the dorsal hollow is named in the literature as the ‘dorsal
depression’ (20) or the ‘dorsal fossa’ (21). (Figure 1A1l) Based on similar logic, we use
the terms ‘palmar and lateral (radial or ulnar) depression’ for the corresponding structures.
(Figure 1A2, 1B1-2)

Although MCP2-5 joints have a typical spheroid geometry, they possess collateral
ligaments (CL). The fibers running in the proximodistal direction form the collateral
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ligament or CL proper, while those deviating from this direction coursing to the palmar
end of the proximal phalanx’ base and the palmar plate (see later) comprise the accessory
collateral ligament or accessory CL (22-24). On coronal sections, radially they appear in
a more trapezoidal shape, while ulnar they resemble an elongated triangular structure,
protruding into the joint cavity and covering the small lateral recesses. As both originate
from the lateral depressions of the metacarpal head and insert immediately next to the
joint cavity just on the margin of the phalanx’ base, we call them enthesis here. (Figure
1B, 1B1-2)

Two conspicuous structures immediately above and below the joint cavity are
discernible on sagittal sections. The dorsal one has a typical triangular shape, therefore,
it is called the dorsal triangle (20). By sonographers this structure is usually referred to as
the ‘dorsal (triangular) fibrocartilage’ (21, 25). The other important structure is the palmar
plate, which is equivalent to the palmar ligament. It is similarly triangular but
considerably thicker than the dorsal plate. Together, they are also mentioned as a
‘meniscus-like structure’ based on their ultrasonographic and macroscopic anatomical
appearance (25) (Figure 1A).

According to the axial plane, a prominent complex of connective tissue (delineated by
dotted line in Fig. 1 C) is formed by the deep transverse metacarpal ligament (connecting
the metacarpal heads), by the flexor tendons (traversing near the palmar aspect of the
joint) and by the periosteum on both sides of the metacarpal head, respectively. The
palmar metacarpal artery is localized at the center of this homunculus shaped complex.
(Figure 1C, 1C1)
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Figure 1. Comparison of anatomical specimens of metacarpophalangeal joints with

corresponding ultrasound images
A) mediansagittal view of the 2" joint with injected joint cavity and recesses (blue). Al-
AZ2) in vivo ultrasonography corresponding to the upper (dorsal) and lower (palmar) part
of image A, respectively; B) coronal section of the 3" joint in fresh cadaver; B1-B2) in
vivo ultrasonography corresponding to the radial (B1) and to the ulnar (B2) side of image
B; C) axial section through the 2" joint on a formaldehyde fixed specimen; C1) in vivo
ultrasonography corresponding to image C. Note the homunculus shape (stripped yellow
lines) formed by the flexor tendons (=‘head’), the deep transverse metacarpal ligaments
=‘arms’) and the cortical layer of the metacarpal (=‘legs’). The hole in the center of
homunculus on image C is the palmar metacarpal artery.
Abbreviations: add: transverse head of adductor pollicis dd: dorsal depression dt: dorsal
triangle e: enthesis; E: extensor digitorum tendon F: flexor tendons lo: interosseus muscle
L: lumbrical; M: metacarpal; P: phalanx; pd: palmar depression; pp: palmar plate; rid:

radial lateral depression; uld: ulnar lateral depression
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All the above listed structures are typically affected by inflammation in RA patients’

different joints (18). However, active circulation is required for the formation of synovial
effusion and for the transport of inflammatory mediators.
In general, as published by Davies and Edwards in 1948, the arteries and veins within the
joints run together, though veins tend to form complex anastomoses, contain valves and
are usually duplicated (26). Beyond that, there are only sparse data about the vascular
supply of the small joints in the literature. The sole paper investigating the vasculature of
MCP joints in detail was published in 1982 by Bonnel et al. (27). The authors described
the arteries of the ligamentous structures using angioradiography on cadaveric specimens.
Due to their surgical importance, the arterial supply of the first and fifth metatarsals and
of the first metatarsophalangeal joint was more thoroughly investigated by Shereff et al.
in 1987 and 1991, respectively (28, 29). They demonstrated both the intra- and
extraosseous arterial supply of these bones using vascular injection and Spalteholz
clearing. Similarly, coming from the surgical point of view, Fontaine et al. reviewed both
the development and the adult morphology of the arterial vasculature in the bones of the
human hand (30). Yousif described the arterial supply of the interphalangeal joints of the
hand (31).

The articular hyaline cartilage has a typical stratified structure, which was described by
Gardner et al. in 1987 (32). They distinguished between non-calcified cartilage
(consisting of four different zones I to 1) and the layer of calcified cartilage zone (CCZ)
(zone V). At the boundary of zone 1V and zone V the tidemark line appears. The presence
of this light microscopical phenomenon was first described by Fick in 1904 as
‘“Trennungsstreifen’ (33) and introduced as ‘tidemark’ to the English-language literature
by Fawns and Landells in 1953 (34). The border between the CCZ and the subchondral
bone is named the ‘cement line’. This latter shows (if visible) a very irregular course. The
thickness of articular cartilage has already been investigated in the ‘80s mostly for
research on hip and knee osteoarthritis (OA). The thickness varied depending on the load.
Both the calcified and non-calcified zones showed higher values (thicker) in force bearing
areas as compared to other areas of the cartilaginous covering (35-37). In some cases,
including healthy subjects, the tidemark line may be (partially) duplicated as seen in

histological specimens (38, 39). (Figure 2)
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Figure 2. Histological specimen of metacarpal cartilage demonstrating its stratified
structure (hematoxylin and eosin staining, 4 um thickness; 180x magnification)
Abbreviations: arrows (black): tidemark line; arrows (doubled white); duplication of
tidemark line; arrowheads: cement line; bm: bone marrow; ccz: calcified cartilage zone
(or zone V); d: deep layer (or zones I11-1VB); m: middle layer (or zone 1l); s: superficial
layer (or zone 1); sch: subchondral bone

Note that the lower tidemark line is blurry and interrupted on several places. The
continuous tidemark line follows the cartilage’s surface. The cement line shows a fairly

waved character.

1.3. Ultrasonographical overview

Ultrasonography (US) itself is a patient-friendly, fast and cheap way of musculoskeletal
(MSK) imaging. The applicability of high-resolution B-mode (grayscale) US was
examined on a small sample of patients, confirming swelling, tenosynovitis and tendon
rupture already in 1988 (40). Five years later it was recommended as first investigation
method for evaluation of soft tissue changes in MCP joints of RA patients (41). In 1994
the power Doppler mode (PDUS) was introduced in MSK US (42). By examining the
pannus of MCP joints in RA patients’, 1999 Hau et al. managed to distinguish among
different levels of hypervascularization and correlate them with the disease activity (43).

Meanwhile, US has been proven as a valuable tool in MSK radiology, besides magnetic

10
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resonance imaging (MRI), computed tomography (CT) and conventional radiography
(CR) (44).

Regarding the physical properties of US in different tissues, several fundamental rules
were laid down to achieve correct evaluation of the images. How to correctly screen the
joint vessels, how and which artifacts have to be prevented when using Doppler
sonography had been described by Torp-Pedersen et al. in detail (45). They also
demonstrated surprisingly high differences in Doppler sensitivity over factory settings
when machine type, Doppler modality (power or color) and imaging settings were
harmonized (46). Special emphasis was placed on B-mode by scanning of joint cartilages.
The normal ultrasonographic appearance of the articular cartilage has been described by
Grassi et al. in 1999, as the ‘sharpness of the superficial margin’ and ‘the clarity and
thickness of the cartilage band’ (47). In general, when scanning an articular cartilage, the
cartilage itself will appear as an anechoic band. Moéller et al. described the two ‘interface
reflex artifacts’, one at the cartilage surface and the other one localized deeper toward the
subchondral bone (48). Both of them usually appear as a hyperechoic band (‘white
band’/’white line’), the deeper one being more intense. In accordance with the stratified
structure of joint cartilage, Modest et al. described on femoral head specimens, comparing
US and optical thickness measurement, that US can ‘see’ only down to the tidemark line,
therefore, the CCZ is undetectable for this imaging modality (49). The most important
factors during cartilage scanning, as summarized by Torp-Pedersen et al. in 2011, are
holding the transducer perpendicular to the cartilage surface, including the upper
hyperechoic band into the cartilage thickness and considering ultrasound’s speed in
different tissues (50). The latter value has been found in both animal and human
experimental settings to be 1696 m/s against 1540 m/s in the surrounding soft tissue (51-
55), resulting in a correction factor of 1.1, which the measured cartilage diameter has to
be multiplied by to get the true value of cartilage thickness.

For reliable analysis of US images under different pathological conditions knowledge
of the normal anatomical structure is a prerequisite. Currently, in contrast to larger joints,
eloquent anatomical data are still missing about the MCPs’ vasculature and their
cartilages. These latter facts initiated our investigations described in the upcoming

chapters of this thesis.

11
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2. Objectives

We aimed to shed light on two main issues regarding MCP2-5 joints’ anatomy.

Primarily, our study aimed to describe the complete arterial vasculature of MCP joints.
1) Detailed anatomical mapping of the arterial network on cadaveric specimens:
a) description of the arteries and their anastomoses to specify the location of
normal vessels enabling the differentiation from angioneogenesis;
b) measurements on the arterial diameters to estimate the normal values enabling
differentiation from vasodilatative conditions.
2) Ultrasonographic mapping of the arterial network in healthy volunteers:
a) toshow the detectability of normal vessels using Doppler method highlighting
the probability of false positive diagnosis for vascular inflammatory signs;
b) measurements on the detected vessels to estimate the normal US size range of

presumably normal vessels in vivo.

Secondly, we investigate the hyaline cartilage of the metacarpal heads 2-5.
1) US and macroscopic anatomical investigation on cadaver cartilages:
a) in situ US scanning and measurement of articular cartilage simulating
cartilage diagnostic in the clinical practice;
b) direct measurements of cartilage thickness on macroscopic sections of the
same specimens to check the accuracy of US measurements.
2) US and histological comparison on cadaver cartilages:
a) in situ US scanning and measurement of articular cartilage simulating
cartilage diagnostic in the clinical practice;
b) ex situ US scanning and measurements of the same cartilages to elaborate a
real tissue model where only the cartilage is investigated;
c) histological investigation of the same specimens to elucidate what portion of
the cartilage is in fact visualized by US.
3) Mapping of the thickness distribution of the entire cartilaginous covering on cadavers:
a) mapping of the cartilage thickness and determination of zones with constant
thickness;
b) to create a 3D cartilage map as comparative diagnostic reference for any type

of cartilage erosion.

12
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3. Materials and methods

3.1. Source and preparation of cadaveric specimens

Fresh cadaveric hand specimens with a post-mortem time of 1-4 days and hands that
were previously embalmed with formaldehyde were obtained from donated bodies at the
Department of Anatomy, Histology and Embryology, Semmelweis University. Body
donation is permitted and controlled by Section 222 of Chapter 12 of Act CLIV on Health
1997 and by Senate’s decree Act 110/2020. (VII.07.) ‘Handling procedures of donated
human material (body/organ/tissue)’. The bodies had no visible or documented history of
rheumatic disease, former hand trauma or surgery. There were no data available on
dexterity and former profession. The fresh cadavers were stored at 3-5 °C until harvesting
the region of interest. The bodies selected for embalming were arterially perfused (right-
sided brachial artery) within 1-4 days after death with 8% formaldehyde solution and
immersed for at least one year into 4% formaldehyde solution at room temperature. All
fresh and embalmed hands were separated 7-10 centimeters above the wrist. The
specimens were divided into two different groups: in one group, both the radial and ulnar
arteries were cannulated and irrigated with saline to enable further investigations on their
vascular system (only fresh cadavers). In the other group, we investigated the cartilages
of the MCP joints (remaining fresh and all embalmed specimens).
Either the vasculature or the articular cartilages were investigated in total of 31 hands
(124 MCP2-5 joints) of 19 cadavers (4 male and 15 female) using different experimental
settings (Table 1).

Table 1. Summary of the cadaveric specimens with regard to investigation modality
and investigated structure. The numbers represent the ages at death.

3fresh cadaver; Ponly one hand investigated

Gender Corrosion Cryo- Ultrasonography & Ultrasonography
casting? sectioning® macroscopic cut & histology
60, 69, 69°, 72, 55
b
Arteries 78,78, 84
) 64°, 80P, 94° 48
Cartilage Q 38° 65, 81°, 90 63, 66, 89

13
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3.2 Analysis of the arterial supply of metacarpophalangeal joints 2-5

3.2.1. Cryosectioning

Both hands of a 48-year-old male and a 55-year-old female were injected through the
radial and ulnar arteries using Vytaflex 20® (Smooth-On Inc., Macungie, Pennsylvania,
USA\) polyurethane colored with So Strong® (Smooth-On Inc., Macungie, Pennsylvania,
USA) red tint. Following a 24-hour hardening time at 4°C the hands were placed on
-30°C. After the hands were frozen, four blocks each containing the region-of-interest
(MCP2-5 joints) were cut out using a band saw (KERIPAR, Kereskedelmi
Berendezeseket és Gepeket Gyartd Vallalat, Budapest, Hungary). The blocks
encompassed distally the middle of the proximal phalanx of the 3" finger and the middle
of the metacarpal bone of the thumb proximally. To enable the cryosectioning, the blocks
had to be embedded. For this purpose, a custom-made device was designed. A plastic
container was centered in another larger one, and they were mounted together with 3,5x16
mm screws on a wooden base. The wall distance between the two containers was at least
25 mm. Finally, the outer surface of the larger container was coated with one layer of 10
mm thick Aerogel insulation mat (Haining Duletai New Material Co. Ltd., Haining,
Zheijang, China).
All four metacarpal blocks were carefully positioned and oriented in the inner plastic
container facing palmar side down, then embedded in 10% porcine gelatin (G2500-500G,
gel strength 300, Type A) (SIGMA-ALDRICH Chemie GmbH, Steinheim, Germany) and
were kept on -80°C after the gelatin hardened.
Cryosectioning was carried out using a CNC milling machine (Kondia NCT B-640, NCT
Industrial Electronics Ltd., Budapest, Hungary; rotational speed 3000 revolutions per
minute, cutter diameter 200 millimeters, feed rate 800 millimeters per revolution) with
the wooden base of the embedded blocks attached to the machine’s working table. The
layer thickness of milling was set to 50 micrometers. To keep the blocks appropriately
cooled, the surface was externally cooled using a CO2 cryo-gun (Linde AG, Germany)
and the space between the two plastic containers was filled with dry ice nuggets. (Figure
3A-B)
At every milling step the fresh surface was photographed with a Canon EOS 5DS camera

at 8688 x 5792 pixels resolution per image (manual mode, exposure time 1/160sec, 1SO

14
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100, /11) and 100 mm Canon macro objective (EF 100 mm, f/2.8). Image parameters
were kept constant during the whole procedure. To achieve a constant position of the
camera over the blocks, the camera was mounted on the spindle cast of the machine.
(Figure 3B) Before taking a photo of the current layer, the block surface was adjusted
with 10% di-propanol spray to eliminate glaciation. 816 high-resolution digital color
images (8688x5792 pixels, 600 dpi, 16.7MB per image) were recorded. (Figure 3C)

Figure 3. Setup for the cryosectioning of hand block specimens

A) Four hand blocks containing the 2" to 5™ metacarpophalangeal joints embedded in
gelatin and mounted onto the working table of CNC milling machine; 1: fly-cutter; 2:
outer plastic container for cooling agent; 3: inner plastic container with the embedded
blocks; 4: cooling agent (dry ice pellets); 5: Aerogel insulation mat B) Milling in progress;
1: camera mounted on the spindle housing of milling machine; 2: spindle housing; 3:
carbonic-acid snow as additional surface cooling C) High resolution macrophotograph of
fresh block surface immediately transferred to the computer (note the CNC milling

machine in the background)

15
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3.2.2. Reconstruction of the vasculature based on cryosectioning data

Images were processed using Adobe Photoshop CS3 (www.adobe.com) and Thermo
Fisher Scientific Amira for Life Sciences 6.1 software (www.fei.com). Since the
subsequent image segmentation step in Amira required a 8-bit grayscale volume, we used
a Photoshop algorithm to convert the RGB (Red Green Blue) volume to a grayscale image
stack while maintaining the high contrast of the arteries using a selective red color channel
subtraction. The grayscale images were then imported into Amira. Possible minor image
dislocations were corrected with the ‘Align Slices” module. Subsequently, using the
‘Segment Editor’ panel of the ‘Edit New Label Field” module, semi-automatic
segmentation was performed to model the arteries. Measurements were taken on the
arterial diameter at predefined locations detailed by the results (4.1.1.3.). The applied
technique of cryosectioning, including the steps of image processing and segmentation of

the vessels is described in detail in an earlier publication by our workgroup (56).

3.2.3. Corrosion casting

Hands of ten cadavers were injected with ACRIFIX 190 (2 R 0190) (Evonik Industries
AG., Germany), which was colored with red Akemi Akepox coloring paste (AKEMI
GmbH., Nurnberg, Germany) and catalyzed with Betox 50-PC hardener (Oxytop Sp. z
0.0., Steszew, Poland). Following a 24-hour hardening time, the hands were put
separately in 2-liter plastic containers. To each hand tap water and for effecient soft tissue
digestion two Somat Gold 12 Actions (Henkel AG., Germany) dishwasher tablets were
added. The specimens were kept in this solution at +36°C for 6-10 weeks. The solution
was changed every 2-3 weeks, while the specimens were handled with great care to avoid
fracture of the intermediate corrosion casts due to potential tearing caused by movement
of the soft tissue mass. After all soft tissue was digested, the specimens were carefully

washed and left in cold water for 3 days to eliminate the remaining chemicals and odor.

3.2.4. Evaluation of the vasculature on corrosion cast specimens

The vascular pattern of each MCP2-5 joint was investigated visually, and if needed,
with a Wild Heerbrugg M5A stereomicroscope (Wild Heerbrugg Switzerland
Microscope, Switzerland) using 12-50x magnification. For detecting the joint vessels, the

subcutaneous branches were cut stepwise with the aid of forceps and scissors. All findings
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were documented using a Canon EOS 5D digital camera, Macro Ring Lite MR-14EX
flash and 50, 100 and 65mm macro lenses (CANON Inc., Tokyo, Japan), respectively.

3.2.5. Ultrasound examination
3.2.5.1. Study participants

All examined persons, two males (ages 31 and 59 years, mean 45 years) and eight
females (ages 21-76 years, mean 48.25 years) were asymptomatic, without current
diagnosis of rheumatic and musculoskeletal hand disease. The US examinations were

performed based on the written informed consent of the healthy volunteers.

3.2.5.2. Scanning method

MCP2-5 joints of both hands were scanned for vascular signals using a GE Logiq E9
ultrasonography machine (General Electric Company, Boston, Massachusetts, USA)
equipped with a small-footprint high-frequency ultrasound transducer (GE L8-18i).
Before scanning a joint, volunteers were asked to place their examined hand in tap water
bath measuring +38°C, as confirmed by a thermometer, for 4 minutes to eliminate
confounding of outdoor temperature and of individual temperature variance of the hands.
No other vasodilating method or agent was used. For scanning, hands were first
positioned palm down, fingers extended and slightly abducted, after which hands were
placed palm up, with the fingers kept in the same position. Scanning was carried out on
both the palmar and dorsal side of each examined joint, and additionally, on the radial
side of the 2" and on the ulnar side of the 5" MCP joints, respectively. The ultrasound
machine was used in color Doppler mode. The parameters for color Doppler were 11.9
MHz, PRF 0.6, WF 54, and the Doppler box was set to maximal size in both the horizontal
and vertical planes, and gain was reduced until artefacts disappeared. The settings were
kept unchanged for each ultrasound examination except for the value of the color gain,
which was adjusted if needed within a very narrow range (15.5-19). The ultrasound
transducer was held parallel to the force bearing axis of the metacarpal bone on every side
of the examined joint. Each joint was scanned from the radial to the ulnar margin.
Additionally, the radial side of the 2" and the ulnar side of the 5" metacarpal joints were
scanned from the dorsal to the palmar surface. Special care was taken to use abundant gel

and to avoid compression to prevent temporary closure of smaller blood vessels.
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3.2.5.3. Image interpretation and measurement on Doppler signals

Doppler signals were interpreted as valid if both of the following criteria were met: 1.
the localization of the Doppler signal had to match a vessel on both cryosectioned and
corrosion cast anatomical specimens; 2. reverberating Doppler signals were excluded.
The strength and spatial extension of the Doppler signal had no influence on the decision
of validity. Measurements were taken on the smallest detectable diameter of the vascular

signals.

3.3. Analysis of cartilage thickness on the metacarpal heads

3.3.1. In situ ultrasonographic investigation
In total, 11 hands of 6 formalin-fixed cadavers (Table 1.) were scanned for in situ
cartilage thickness measurement of MCP2-5 joints (n=44). The investigations were

carried out in two different time periods using two different US equipment.

3.3.1.1. Cartilage scanning during the first investigation period (2014-2015)

Five hands of three cadavers (investigated joints: n=20) were scanned using a Philips
iU22 xMatrix unit with a L15-7io transducer (frequency range: 7-15 MHz; aperture
length: 23 mm). Hands were positioned with the palm facing down, and the joints were
flexed at 90°. (Figure 4A) Measurements including the upper interface were made twice
on every cartilage at the most central location (‘top of the cartilage’) using the integrated
caliper of the US device. (Figure 4B) All results were multiplied with the US speed

correction factor of 1.1.

3.3.1.2. Cartilage scanning during the second investigation period (2015-2016)

The other six hands (investigated joints: n=24) were scanned using a Philips Epiq 7G
device with a L18-5 transducer. Every US scan was performed according to the method
described in 3.3.1.1. Measurements were taken twice in all cases, both without and

including the upper white line.
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3.3.2. Ex situ ultrasonographic investigation of cartilage specimens

For ex situ investigation of the metacarpal cartilages 2" - 5" described in 3.3.1.2, a
transversal skin incision was made dorsal from the joints and the single metacarpal heads
were carefully explanted by avoiding any damage to their cartilaginous surface. All
specimens were pierced with a 25G needle through the dorsal and palmar depressions,
and with a second one through the lateral ones, to orient the sagittal and transversal planes,
respectively. Thus we ensured that ex situ cartilage thickness measurement using US and
histology were carried out according to the same anatomical plane. (Figure 4C) The
specimens were then embedded into 5% porcine gelatin (G2500-500G, gel strength 300,
Type A) (SIGMA-ALDRICH Chemie GmbH, Steinheim, Germany) and stored at +4°C.
Cartilage thickness was registered first in the sagittal plane keeping the longest possible
projection of the dorso-volar marking needle on the US image. The second measurement
was performed in the same manner, but in the transversal plane. In both cases, all
measurements were made according to the top of the cartilage, twice including the upper

hyperechoic line and twice without it. (Figures 4D-E)
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Figure 4. Method of imaging and measurement data collection both on in situ and
explanted metacarpal head cartilage specimens

A) sagittally halved 3" metacarpophalangeal joint in flexed position; B) in situ cartilage
thickness measurement on a left 5™ metacarpal in the joint’s same flexed position
including the upper interface (sagittal plane; left side of image: distal, bottom: proximal);
C) the same metacarpal head ex situ with inserted marking needles (bottom left:
orientation, where D=dorsal, P=palmar, R=radial, U=ulnar);

D-E) ex situ cartilage thickness measurements (sagittal plane) on the same specimen after
embedding in gelatin without and with the upper interface, respectively. The inserts (top
center) are showing the position of the calipers. Note the reverberation artifacts according
to the dorso-palmar marking needle.

Abbreviations: arrows: cartilage; asterisk: triangular fibrocartilage; F: flexor tendons; P:

proximal phalanx; US: acquisition position of US transducer; I11: 3" metacarpal

3.3.3. Macroscopical measurements on sagittally sectioned joint cartilages
The MCP2-5 joints from all the hands described under paragraph 3.3.1.1. were
sectioned as blocks. To get these blocks we made cuts interdigital, proximal to the neck

of the metacarpal and through the middle of the proximal phalanx, respectively. The
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specimens were kept frozen at -12°C for at least 24 hours, after which they were cut in
the mediansagittal plane using a bandsaw (KERIPAR, Kereskedelmi Berendezéseket és
Gépeket Gyartd Vallalat, Budapest, Hungary). Photographs were taken from the cut
surfaces together with a Codman scientific centimeter scale positioned next to the block
in the plane of the documented surface using a 12 megapixel Canon Eos 5D camera
(CANON Inc., Tokyo, Japan). Three separate anatomical measurements were made on
static images using digitized image software (Adobe Photoshop CS5©). The results were

compared to the US scanning measurements of the same joint. (Figure 5)

Figure 5. Macroscopic cartilage thickness measurement locations on the
mediansagittal section of a left 3" metacarpal
The colors indicate the midpoints of the central (blue), dorsal (green) and palmar (red)

regions of cartilage. Abbreviations: dt: dorsal triangle; P: phalanx; pp: palmar plate

3.3.4. Histological investigation of the cartilage specimens

Following the ex situ US scanning, the metacarpal heads were removed from the
gelatin. All specimens were decalcified using a mixture of 674 ml distilled water, 376 ml
formic acid and 100 g sodium-citrate, a modified decalcifier after the original formula of
Evans and Kraijan (57). The procedure took 8-14 days at room temperature. To avoid a
possible over-decalcification, we did not use any formerly published method of X-ray
examination, chemical testing, or any other method (58). To test whether the process was
complete, the neck of each metacarpal was slightly compressed using anatomical forceps.
From the decalcified specimens 4 micrometer thick paraffin-embedded histological slides

were prepared parallel to the dorso-palmar (sagittal plane) needle marking. All slides were
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stained with hematoxylin and eosin (H&E) (59). Using a light microscope (Leica
Mikroskopie & Systeme GmbH, Wetzlar, Germany) those slides which contained the
whole dorso-palmar running channel of the lesion caused by the marking needle were
selected in order to find the best correspondence with the ex situ US images. (Figure 6A-
B) Sections were scanned with a Zeiss LSM 780 confocal microscope equipped with
Argon multi-line, 405 nm diode, 561 nm solid state and 633 nm HeNe lasers, through a
10x lens (NA 0.45). Imaging parameters were kept constant during the image acquisition.
Single optical sections or tile scans of the specimens were analyzed with Zen software
(Carl Zeiss Microscopy, Jena, Germany). (Figure 6C) Cartilage thickness was measured
between the cartilage surface and a) the tidemark line, b) the deepest point of the cement
line (thickest cartilage), c) the top of the cement line (minimal cartilage thickness). All

measurements according to a-c were taken at 10 different locations.

Figure 6. Histological investigation of an explanted left 5" metacarpal head’s
cartilage compared to ex situ ultrasonographic scan

A) Ultrasonographic scan with integrated caliper including the upper interface. B)
Histological specimen of the same metacarpal head (H&E staining). Note the
reverberation artifact caused by the needle marking (image A — interrupted red arrow),
and the lesion channel according to it (image B — red arrow), which has to ensure that
measurements are carried out in the same anatomical plane. C) Reconstruction (stitched
image) of the same histological specimen (image B) recorded by confocal laser scanning
microscopy and model of the three different cartilage thickness measurement strategies
(white arrows).

Labels: Single and doubled red asterisks: corresponding locations on images B and C; a:
measurement from the surface to the tidemark line; b: maximal cartilage diameter; c:

measurement between the surface and the top of the cement line.
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3.3.5. Cryosectioning

In this paragraph only those details are described, which differ substantially from both
the parameters or applied methods summarized in section 3.2.1.

The whole left hand of a 38-year-old female was positioned in a plastic container with
its dorsal side facing down and embedded using the same material and technique as
described under 3.2.1., resulting in a total block size of 195x63x127 mm.

The cryosectioning was carried out using the same CNC milling machine, the layer
thickness was in this case set to 100 um.

All new surfaces were photographed using a CANON EOS 5D Mark 11 digital camera
with a resolution of 3744x5616 pixels per image. The cryosectioning resulted in 328

layers.

3.3.6. Cartilage thickness mapping based on the crysectioned images

As a first step, using Adobe Photoshop CS3 (www.adobe.com) the region of interest

containing the MCP2-5 joints was cropped from every image, then image filtering was
performed in order to enhance the contrast between cartilage and adjacent
tissues/structures. (Figure 7A)

To correct slight shifts between adjacent images, the whole data set was transferred to
Thermo Fisher Scientific Amira for Life Sciences 6.1 software (www.fei.com) and the
‘Align slices” module was used. As a next step, the metacarpal head cartilages were
segmented, resulting in a data set in .stl format.

The model analysis was carried out using MeshLab software (https://www.meshlab.net).

To establish a map of cartilage thickness distribution, the ‘Shape Diameter Function’ was
used, which enabled the mesh colorization based on the vertex distance quality. (Figure
7B)

Afterwards, the lower and upper values of the color gradient were set to make a
qualitative image analysis possible. Thresholds were set according to the 3™ metacarpal
cartilage (as it was considered to be in the central axis of the hand) until the zones showed
an approximately regular distribution across the surface resulting in a heatmap-like
image. Color-based selection of the polygonal surface made it possible to calculate the

surface areas of the different zones. Using the ’Show vertex quality histogram’ function,
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the thickness data were displayed according to every single color of the cartilage’s

heatmap. (Images displayed in the ‘Results”)

Figure 7. Filtering and segmentation of image dataset of the cryosectioned MCP
joint cartilages

A) Applying Adobe Photoshop CS3© software, the metacarpal and phalangeal cartilages,
respectively, are contrasted to enhance the difference between them and surrounding
structures on 2D coronal plane images (left side of the image: radial). Note that when
filtering was done accurately, only the cartilages are clearly discernible. B) Utilizing
MeshLab®© software, only the metacarpal cartilaginous coverings are depicted in 3D
(bottom right: orientation, where D=dorsal, P=palmar, R=radial, U=ulnar).

Abbreviations: M: metacarpal; P: phalanx; 11-V: finger rays 2" to 5%
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3.4. Statistical analysis

3.4.1. Statistical analysis of metacarpophalangeal joints’ vasculature data

The statistical analysis was performed using the R Software version 4.0.3 (R Core
Team, R Foundation for Statistical Computing, Vienna, Austria, 2020). The level of the
statistical significance was set at p=0.05. Fisher's exact test was applied for comparing
categorical variables. Continuous variables were compared using two-sampled t-test after

confirming their normal distribution using Shapiro-Wilk test.

3.4.2. Statistical analysis of metacarpal cartilage thickness data
3.4.2.1. Macroscopic and ultrasonographic measurements

The descriptive statistics included the median, range, mean and standard deviation (SD)
after normal distributions were validated by Shapiro-Wilk tests. The agreement between
anatomical and US measurement of cartilage thickness was assessed by calculating
intraclass correlation coefficient (ICC) employing a two-way mixed model using absolute
agreement between two measurements. We calculated the smallest detectable difference
(SDD) by the limits of agreement method (LOA), defined as 1.96 times the SD of the
differences as well. All statistical analyses were performed with Statistical Package for
the Social Sciences software, V.15.0 and V.20.0 (SPSS, Chicago, Illinois, USA).
3.4.2.2. Histological and ultrasonographic measurements

The cartilage thickness measurements were categorized by the order of MCP joints and
as a collective group based on methodical categories. The normal distribution across all
groups using Shapiro-Wilk tests were validated. In addition, Levene-tests indicated
consistent variance among groups, demonstrating homoscedasticity in the datasets.
Subsequently, two-way Pearson correlation analyses were conducted for every in situ and
ex situ method-pairs, wherein surface-tidemark and surface-base distances were
considered, the interface both in- and excluded.

Simultaneously, two-way paired t-tests were used to assess method interchangeability.
The amalgamation of information derived from Pearson correlations, paired t-tests and
Levene’s tests formed the foundation for our linear regression models. The linear
regression analysis aimed to establish the equation for ultrasound measurements using
histology values, confirming the reliability of the ultrasound method. Besides the

determination of the equations, we visualized our data using Bland-Altman plots.
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4. Results

4.1. Arterial vasculature of the metacarpophalangeal joints 2-5

4.1.1. Cadaver specimens

Eight right and six left hands of 8 female cadavers (ages 55-84 years, mean 69.5 + 14.5
years) and three right and two left hands of 4 male cadavers (ages 48-94 years, mean 71
+ 23 years) were used for anatomical preparation (n=76 joints).

Both hands of a 48-year-old male and a 55-year-old female cadaver were used for
cryosectioning in order to map the arteries of the MCP joint, while the remaining hands
underwent corrosion casting. Seven joints (1 MCP2, 1 MCP3, 2 MCP4 and 3 MCP5
joints) were excluded from the anatomical processing either due to fracture of the
corrosion cast during the preparation procedure (corrosion casting, n=3) or due to failed
injection (one complete female hand by cryosectioning, n=4). Based on both the corrosion
casting and the cryosectioning results, we divided the arterial supply into metacarpal
(proximal half) and phalangeal (distal half) territories, respectively. Despite careful
handling, as many corrosion cast specimens suffered distinct smaller injuries of the
phalangeal territory, the blood supply of the distal half of the metacarpal joints was
investigated only on cryosectioned specimens. However, the total number of investigated
joint specimens was large enough in both territories (69 vs 12 joints) to determine their

general arterial pattern and to compare it with ultrasound imaging results. (Table 2)

Table 2. Number of analyzed MCP joints 2-5. (60)
MCP: metacarpophalangeal joint; lInvestigated only for the blood supply of the

metacarpal territory

Investigation method MCP2 MCP3 MCP4  MCP5
Corrosion casting! 15 15 14 13
Cryosectioning 3 3 3 3
Ultrasonography 20 20 19 18
Total number of joints 38 38 36 34
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4.1.1.1. Arterial supply of the metacarpal territory

For the metacarpal territory we found two supplying arteries arising from the palmar
side, each dividing into further articular branches. One vessel ran to the radial and the
other one to the ulnar side. Therefore, we labelled them ‘R-branch’ and ‘U-branch’,
respectively. Both branches were present as single vessels in 69/69 (100%) joints
investigated with corrosion casting or cryosectioning. Usually they originated from the
palmar metacarpal arteries (PMA) of the deep palmar arch (DPA), except for the MCP5
joint, where the proper palmar digital artery (PPDA) was the most frequent source.
(Figure 8) (Table 3)

Figure 8. Variants of R- and U- branches by corrosion casting (palmar view) (60)

(A) The dominant U-branch is the continuation of the palmar metacarpal artery. The two
palmar enosseal vessels originate as a common trunk from the U-branch. (B) The U-
branch originates from the anastomaosis of the palmar metacarpal and the common palmar
digital artery. (C) The R- and U-branches originate as a common trunk from the 10®
proper palmar digital artery. (D) The R-branch originates from the early dividing
neighboring palmar metacarpal artery. The U-branch continues the separately originating
palmar metacarpal artery. The dorsal metacarpal artery is anastomosing with the R-
branch.

Abbreviations: ana: anastomosis between palmar metacarpal artery and common palmar
digital artery; black arrowheads: enosseal vessels; asterisk: anastomosis between R and

U branch; cpda: common palmar digital artery; ct: common trunk; dma: dorsal metacarpal
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artery; dpa: deep palmar arch; pma: palmar metacarpal artery; ppda: proper palmar digital
artery; R: R- branch; U: U- branch; 11, 1V, V: 39, 4 and 51" metacarpal heads

Table 3. Varying origins of R- and U- branches based on their localization (60)
CPDA: common palmar digital artery; DMA: dorsal metacarpal artery; MCP2-5:
metacarpophalangeal joints 2" to 5"; PMA: palmar metacarpal artery; PMA-CPDA:
anastomosis between the corresponding vessels; PPDA: proper palmar digital artery; R-
branch: radial branch; U-branch: ulnar branch;

alf no princeps pollicis artery is present, then this shows the origin from the 3rd proper
palmar digital artery.

®Common palmar digital artery supplied simultaneously or completely by the palmar
metacarpal artery from the deep palmar arch.

Early bifurcation or separate (‘doubled’) origin of palmar metacarpal artery.

dMain supply from the dorsal metacarpal artery or its collateral branch, both of them
derived from the deep palmar arch. Proximally only thin anastomosis to the palmar

metacarpal artery.

MCP2 MCP3 MCP4 MCP5
n=18 (%) n=18 (%) n=17 (%) n=16 (%)

< PMA 13(72.2)  5+13°(100) 13 +1°(82.4) 5 (31.25)

3 PPDA 52 (27.8) 0 0 10 (62.5)

o]

o DMA 0 0 39 (17.6) 19 (6.25)

< PMA 11(61.1) 5+ 13°(100) 16+1° (100) 4 (25.0)

T PPDA 0 0 0 12 (75.0)

Q0

- PMA-CPDA 7° (38.9) 0 0 0

In numerous cases, the R- and U-branches formed connections to the DMA or its
collateral branch running parallel to the metacarpal shaft. Specific examples include
connections at the MCP5 joint to the carpal rete and simultaneous anastomoses with the
vessels listed above. In total, single or multiple anastomoses were seen, depending on
joint location, radially in 60-88.89% of cases, ulnar in 61.11-82.35% of cases (these

ranges represent the different probabilities of localizations on MCP2-MCP5 (Figures 8D,
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9A). Coursing further towards the lateral surface of metacarpal heads, both the R- and U-
branches gave off a single and strong forward running artery in 88.41% of the joints.

In the remaining 11.59% of the joints the same was found, only either radially or ulnar,
except one case of bilateral absence. Parallel to this vessel, which we labelled the ‘main
lateral artery’ (MLA), a shorter ‘accessory lateral artery’ (ALA) was detected radially in
12 joints (17.39%) and ulnar in 12 joints (17.39%). These originated either from the
MLA, or directly from the R- and U-branches below or above the origin of the MLA. A
last segment of the R- and U-branches curving on to the dorsal surface of the metacarpal
head was recognized radially in 81.25-94.44%, on the ulnar side in 72.22-94.44% of
joints, respectively. In 49.28% they formed an anastomosis immediately according to the
dorsal depression, which we labelled the ‘dorsal arcade’ (DA). (Figures 9, 10B, 11B-C)

Figure 9. Supplying arteries of metacarpal territory by corrosion casting (60)

(A) (right hand anterolateral view) A strong enthesial branch arises directly from the first
part of the main lateral artery and gives off branches running toward the nutrient foramina
of the lateral depression (see insert). Both the upper accessory lateral artery and the main
lateral artery give off one further enthesial branch to the upper part of the lateral
depression. The main lateral artery curves to and terminates at the projection of the
triangular arcade. (B) (upper view of the same specimen) Note the spiky character of the
ulnar sided enthesial branches (top of image), while radially (bottom of image) both the
enthesial branch and the triangular arcade artery demonstrate a bushy appearance.
Abbreviations: ala: accessory lateral artery; da: dorsal arcade; dma: dorsal metacarpal
artery; eb: enthesial branch; mla: main lateral artery; ta: triangular arcade; U: U-branch;
black arrowheads: entry point of enosseal arteries; I1: 2" metacarpal head
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Simultaneously, in five specimens (7.25%) an anastomosis was detected between the
R- and U-branches. In these cases, a complete arterial ring was present around the
metacarpal head. The dorsal arcade itself was in some cases doubled or tripled. The

frequency of these findings is summarized in Table 4.

Table 4. Occurrence of the main lateral arteries, accessory lateral arteries and
dorsal arcade at metacarpophalangeal joints 2-5. (60)

2In one case the radial main lateral artery was absent, but the territory of it was supplied
from a deep seated dorsal metacarpal artery.

ALA: accessory lateral artery; DA: dorsal arcade; MCP: metacarpophalangeal joint;

MLA: main lateral artery

MCP2 MCP3 MCP4 MCP5
¥.=69 n=18 (%) n=18 (%) n=17 (%) n=16 (%)
bilateral 17 (94.4) 16 (88.9) 15 (88.2) 13 (81.25)
5 radial - 2(11.1) - -
b ulnar 1(5.6) - 22 (11.8) 2 (12.5)
absent - - - 1(6.25)
< radial 3(16.7) 2 (11.1) 3(17.7) 4 (25.00)
= ulnar 1 (5.6) 1 (5.6) 3(17.7) 7 (43.8)
present 10 (55.6) 8 (44.4) 8 (47.1) 8 (50.0)
< absent 8 (44.4) 10 (55.6) 9 (52.9) 8 (50.0)
multiplex 4(22.2) - 2 (12.5) 4 (28.6)

During their course, the R- and the U-branches, the MLA and the ALA, respectively,
give off radially in 64.29-94.12%, on the ulnar side in 70.59-100.00% 1-4 small branches
to the lateral depression. (Figure 9) We investigated the MLA and ALA in the coronal
plane on the cryosectioned specimens. In all cases they ran on the outer surface of the
triangular shaped enthesis over the metacarpal head and the base of the proximal phalanx.
The small branches to the lateral depression penetrated this enthesis. Therefore, we
labelled them ‘enthesial branches’. (Figures 11A-C, 12A)
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The MLA curved then radially (50.00-62.50%) or ulnar (38.89-76.47%) into the dorsal
compartment of the joint space and terminated there with or without anastomosing with
the contralateral MLA (Figures 9, 10B). These terminal segments of the MLA were
consequently found to supply the dorsal triangle on the cryosectioned specimens. (Figures
11A, 11D) Independently from the presence or absence of an anastomosis, we labelled

these ‘triangular arcades’. In two cases several small perpendicular branches were

detected along this arcade showing a pectinate character in the axial plane. (Figure 10B)

Figure 10. Arteries of the phalangeal territory on corrosion cast specimens (60)

(A) (4™ finger, palmar view) Note the long anastomosis between the R-branch and the
palmar plate artery. Proximal from the anastomosis a short trunk arises acting as a
tenosynovial vessel, with one branch reaching to the metacarpal head and another branch
extending to the projection of the flexor tendon. (B) (2" finger, dorsolateral view) The
phalangeal arcade originates as one common trunk, with one branch supplying the arcade
on the dorsal surface of the phalanx, and another branch forming a more superficial arcade
according to the projection of the extensor hood. The triangular and phalangeal arcades
are connected through a short anastomosis. Note the small branches arising from the
triangular arcade showing a pectinate character in the axial plane.

Abbreviations: asterisk: anastomosis; cpda: common palmar digital artery; da: dorsal
arcade; mla: main lateral artery; pa: phalangeal arcade; pma: palmar metacarpal artery;
ppa: palmar plate artery; ppda: proper palmar digital artery; R: R-branch; ta: triangular
arcade; th: tenosynovial branch; black arrowheads: entry point of enosseal arteries;

doubled arrowheads: supplying arch for the extensor tendon
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The most terminal arteries supplied the bony metacarpal heads. These appeared most
frequently at the dorsal depression (1-7 vessels, 58.82-73.33%) arising from the dorsal
arcade, or if no arcade was present, from the terminal part of the R- and U-branches,
respectively (Figure 9B). The second most frequent occurrence was found on the ulnar
aspect (1-7 vessels, 26.67-66.67%) (Figure 9A), followed by the palmar surface (1-5
vessels, 26.67-55.56%) (Figures 8A, 9B). The radial side showed the lowest occurrence
(1-3 vessels, 17.65-27.78%). Both the radial and ulnar arteries originated from enthesial
branches (Figures 11A-B), while the palmar ones originated immediately from the R- and
U-branches (Figures 8A, 10A, 11G). In cryosectioned specimens enosseal anastomoses

of these arteries were also detected (Figures 11B, 11E-F).

4.1.1.2. Arterial supply of the phalangeal territory on cadaveric specimens

The main supplying vessels were the PPDAs and the common palmar digital arteries
(CPDASs) of each finger, respectively. In general, a short trunk was observed radially in
66.67% and ulnar in 58.33% of all cases either from the PPDAs or originating from the
bifurcation point of CPDAs. On cryosecioned specimens these branches were supplying
the palmar plate. Therefore, we named these the ‘palmar plate arteries’ (PPA) (Figure
11D).

Distally, the PPDAs gave off a second artery both radially (83.33%) and ulnar (100%),
which then branched into a long and thin, forward running vessel penetrating the flexor
tendon sheaths, while its other branch coursed medially and backward to supply the
proximal phalanx’s base from the palmar surface. As the proximal branch entered the
bone in the close vicinity of the joint cavity, we labelled this artery ‘tenosynovial branch’
(Figures 11C, 11G-H). In one case, the radial tenosynovial branch of the index finger
originated through a long anastomosis from the R-branch and sent small branches to the
palmar plate as well (Figure 11C).

A third relevant branch was detected radially (50.00%) immediately from the PPDA,
but ulnar (41.67%) always from the tenosynovial branch. These ran to the dorsal side of
the proximal phalanx’ base, where - independent from their origin - these branches
anastomosed with the contralateral ones creating an arterial arch in 75.00% of the cases.
We called this ‘phalangeal arcade’. (Figures 10, 11C) In the remaining cases, if present,

we observed the phalangeal arcade originating bilaterally from the MLA (16.67%).
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Arteries with detectable size supplying the base of the proximal phalanx were detected
only on the palmar and dorsal surfaces of the bone. On the palmar surface, symmetrically
(both on the radial and ulnar side) one artery penetrated the bony cortex (83.33%). In one
case, two arteries were observed radially. In one additional joint no supplying branch was
found. The palmar vessels originated in all cases from the above described tenosynovial
branches (Figures 10A, 11C, 11H). Dorsal phalangeal arteries were identified only in
50.00% of the joints branching directly from the phalangeal arcade. In 41.67% we found

these only radially, in one case bilaterally.
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Figure 11. Multiplanar (MIP) image reconstructions on cryosectioned specimens
demonstrating the relationship between arteries and joint structures (60)

(A-C) main supplying branches on coronal, axial and sagittal plane, respectively. Note
on C the elongated anastomosis between the R-branch and the tenosynovial branch.
Dotted lines indicate the palmar articular surfaces of bones; (D) palmar plate artery and
the triangular arcade on the axial plane. Dotted lines indicate the lateral borders of
metacarpal head; (E, F) blood supply of the metacarpal head on the axial and sagittal
planes. Note the anastomosis between the dorsal, palmar and lateral enosseal arteries,
respectively. Compare with image B. (G, H) origin and course of the tenosynovial trunk
on the coronal and axial plane. Note the anastomosis between the two sides within the
flexor tendon. (1) homunculus shaped (dotted line) soft tissue complex with the palmar
metacarpal artery in the center (axial plane).

Abbreviations: asterisk: anastomosis; cpda: common palmar digital artery; da: dorsal
arcade; dtml: deep transverse metacarpal ligament; eb: enthesial branch; E: extensor
tendon; F: flexor tendon; I: interosseous muscle; L: lumbrical muscle; mcp: metacarpal;
mla: main lateral artery; pa: phalangeal arcade; pma: palmar metacarpal artery; ppa:
palmar plate artery; ppda: proper palmar digital artery; R: R-branch; ta: triangular arcade;
tb: tenosynovial trunk; U: U-branch; arrowheads: entry point of enosseal arteries; doubled

arrowheads: supplying artery from the R-branch to the flexor tendons

4.1.1.3 Measurements on the arterial diameter of cryosectioned specimens

The arterial diameters were measured in both the metacarpal and the phalangeal
territories. Special attention was paid proximally to the origin of R- and U-branches and
their primary branches as the MLAs, DA and the arcade of the dorsal triangle,
respectively. The R- and U-branches and the MLAs were measured next to their origin.
The diameter of both arcades - also in cases without anastomosis - was recorded on both
the radial and ulnar sides next to the midline of the metacarpal. Finally, the enthesial and
bone supplying arteries were also measured. Distally, measurements were undertaken on
the palmar plate artery, tenosynovial branch, phalangeal arcade and the supplying
branches of the base of the proximal phalanx. The arcade was measured on both the radial
and ulnar side of the midline of the phalanx. All the other vessels were measured at their

origins. (Figure 12) Data are summarized in Table 5.
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Figure 12. Grayscale images of a cryosectioned right MCP2 joint demonstrating
joint anatomy and measurement on the arteries in coronal plane (60)

(A) Corresponds to the left inferior quadrant of image C, level of cryosectioning 13 layers
(0.65 mm) palmar. Insert shows diameter measurement on enthesial branch. (B)
Corresponds to the left inferior quadrant of image C, level of cryosectioning 9 layers (0.45
mm) dorsal. (C) The 2" metacarpal with an ulnar enosseal branch. Note the different
diameter values of the same radial main lateral artery depending on measurement’s level.
Abbreviations: arrowhead: enosseal branch; eb: enthesial branch; en: enthesis; mcp:

metacarpal; mla: main lateral artery; p: phalanx; R: R-branch; U: U-branch

Table 5. Arterial diameter measurements on cryosectioned specimens in
millimeters. (60)

Abbreviations (in the sequence of appearing in the left column): R: R-branch; U: U-
branch; mlar.: radial main lateral artery, mla u.: ulnar main lateral artery, dar.: radial half
of dorsal arcade; da u.: ulnar half of dorsal arcade; ta r.: radial half of dorsal triangle’s
arcade; ta u.: ulnar half of dorsal triangle’s arcade; rd: radial dorsal enosseal artery; ud:
ulnar dorsal enosseal artery; rp: radial palmar enosseal artery; up: ulnar palmar enosseal
artery; ppa r.: radial palmar plate artery; palm. ppa u.: ulnar palmar plate artery; tb r.:
radial tenosynovial branch; tb u.: ulnar tenosynovial branch; pa r.: radial half of

phalangeal arcade; pa u.: ulnar half of phalangeal arcade; n.i.: not identified
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avg. [min - max.]
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MCP3
avg. [min - max.]

MCP4
avg. [min - max.]

MCP5
avg. [min - max.]

Metacarpal territory

mlar.

mla u.

dar.
da u.
tar.

ta u.

0.749 [0.577-0.860]
0.624 [0.407-0.987]
0.334 [0.267-0.407]
0.298 [0.273-0.327]
0.440 [0.377-0.503]
0.205 [0.160-0.250]
0.141 [0.120-0.167]
0.186 [0.167-0.203]

0.554 [0.433-0.647]
0.506 [0.450-0.573]
0.277 [0.223-0.333]
0.245 [0.237-0.253]
0.333 [0.317-0.357]
0.198 [0.120-0.247]
0.161 [0.147-0.180]
0.176 [0.157-0.207]

0.494 [0.353-0.717]
0.453 [0.323-0.527]
0.240 [0.203-0.270]
0.220 [0.137-0.343]
0.243 [0.213-0.287]
0.178 [0.123-0.237]
0.154 [0.103-0.217]
0.141 [0.083-0.180]

0.569 [0.357-0.927]

0.583 [0.297-0.787]

0.546 [0.297-0.963]

0.139 [0.110-0.170]

0.398 [0.227-0.597]

0.147 [0.090-0.257]
n.i.

0.117 [0.090-0.143]

Enthesial vessels

radial

ulnar

0.211 [0.160-0.280]
0.211 [0.150-0.243]

0.208 [0.187-0.233]
0.204 [0.170-0.257]

0.158 [0.133-0.193]
0.230 [0.137-0.303]

0.174 [0.140-0.230]
0.120 [0.080-0.153]

Enosseal vessels

rd
ud
rp
up
radial

ulnar

0.134 [0.100-0.160]
0.118 [0.110-0.127]
0.153 [0.107-0.210]
0.118 [0.080-0.157]
0.083 [0.067-0.093]
0.108 [0.073-0.140]

0.143 [0.113-0.167]
0.123 [0.087-0.160]
0.152 [0.143-0.160]
0.153 [0.087-0.187]
0.116 [0.077-0.140]
0.113 [0.087-0.130]

0.101 [0.080-0.127]
0.113 [0.097-0.123]
n.i.

0.170 [0.113-0.220]
0.097 [0.077-0.130]
0.122 [0.097-0.153]

0.148 [0.120-0.170]
0.149 [0.113-0.203]
0.120 [0.067-0.173]
0.138 [0.087-0.190]
0.106 [0.073-0.133]
0.081 [0.077-0.083]

Phalangeal territory

ppar.

ppau.

tbr.
tb u.
par.

pau.

0.195 [0.150-0.240]
0.193 [0.160-0.227]
0.328 [0.257-0.400]
0.268 [0.200-0.337]
0.352 [0.273-0.430]
0.220 [0.177-0.263]

0.209 [0.187-0.247]
0.209 [0.157-0.277]
0.272 [0.197-0.290]
0.262 [0.190-0.327]
0.362 [0.310-0.423]
0.236 [0.210-0.277]

0.205 [0.127-0.280]
0.184 [0.103-0.240]
0.251 [0.213-0.267]
0.313 [0.290-0.387]
0.313 [0.190-0.387]
0.240 [0.150-0.333]

0.166 [0.127-0.287]
0.167 [0.150-0.200]
0.266 [0.187-0.360]
0.275 [0.227-0.287]
0.253 [0.177-0.270]
0.192 [0.140-0.197]

Enosseal vessels

rd
ud
rp
up

0.150 [0.067-0.220]
n.i.

0.186 [0.180-0.190]

0.161 [0.147-0.187]

n.i.

n.i.
0.197 [0.170-0.217]
0.174 [0.127-0.223]
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0.126 [0.087-0.157]
n.i.

0.139 [0.103-0.183]

0.106 [0.077-0.140]

n.i.

n.i.
0.139[0.117-0.157]
0.151 [0.130-0.190]
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4.1.2. Ultrasonographic mapping on healthy volunteers

Three joints (1 MCP4 and 2 MCP5) were excluded due to technical problems, leaving
a total of 77 joints examined using color Doppler mode. (Figure 13) The number of
recorded images on the left hands ranged between 56-238 (average: 146.6) and 78-266
(average: 139.7) on the right hands, respectively. As no time limit was set for scanning
and measuring, the duration of US mapping was between 58-164 minutes (average time:
105.4”) on the left and between 67-226 minutes (average time: 115.3”) on the right side.
Due to the lack of proper acoustic window no data were registered on the interdigital
surfaces of the joints. The most frequent locations with detected Doppler signal were the
dorsal depression of the metacarpal head (64.94%) (Figure 13D) and the location of the
main lateral arteries (68.42%) (Figure 13A). The distal PMA was identified on axial plane
images in 53.25% of the joints, typically embedded in a homunculus-shaped connective
tissue mass (Figure 131). In all other locations, Doppler signal was captured in less than

50% of cases. Data of detected Doppler signals are summarized in Table 6.

Table 6. Color Doppler signals and measurements on healthy volunteers in
centimeters. (60)

Abbreviations (in the sequence of appearing in the left column): MCP:
metacarpophalangeal joint; Dn: number of joints, with color Doppler signal; Day: total
number of joints within category where color Doppler signal was detected; R: R-branch;
U: U-branch; da: dorsa arcade; de: dorsal enosseal; pe r: radial palmar enosseal; pe u:
ulnar palmar enosseal; ta: triangular arcade; mla 2r/°u: radial vs. ulnar main lateral artery;
enth. 2r/°u: radial vs. ulnar enthesial artery; enoss. 2/°u: radial vs. ulnar enosseal artery;
ppa r.: radial palmar plate artery; palm. ppa u.: ulnar palmar plate artery; tb r.: radial

tenosynovial branch; tb u.: ulnar tenosynovial branch; pde: phalangeal dorsal enosseal
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=77 MCP2 (n=20) MCP3 (n=20) MCP4 (n=19) MCP5 (n=18)
Dn avg. [min - max.] Dn avg. [min - max.] Dn avg. [min - max.] Dn avg. [min - max.] D.y (%)
Metacarpal territory

16  0.059 [0.040-0.080] 4  0.045[0.035-0.060] 6  0.036[0.020-0.050] 9  0.052[0.043-0.060] | 35 (45.45)
U 9 0.072[0.043-0.095] 4  0.041[0.030-0.060] 7  0.037[0.027-0.055] 8  0.050 [0.040-0.067] | 28 (36.36)
da 6  0.051[0.040-0.065] 8  0.041[0.030-0.060] 4  0.059[0.047-0.080] 2  0.048 [0.047-0.050] | 20 (25.97)
de 15  0.037[0.020-0.060] 12  0.049[0.017-0.050] 9  0.023[0.010-0.040] 14  0.032[0.017-0.045] | 50 (64.94)
per 2 0.022[0.020-0.023] 6  0.042[0.037-0.060] 4  0.056 [0.043-0.073] O 0.000 12 (15.58)
peu 7 0.037[0.020-0.060] O 0.000 1 0.040[0.040-0.040] 1  0.040 [0.040-0.040] | 9 (11.69)
ta 7  0.040[0.027-0.067] 8  0.033[0.030-0.050] 5  0.055[0.040-0.070] 4  0.043[0.030-0.060] | 24 (31.17)
mla ar/°u 19  0.050 [0.040-0.073] 7 0.044 [0.040-0.055] | 26 (68.42)
enth.2r/”u | %3  0.041 [0.030-0.053] no acoustic window no acoustic window 2 0.038 [0.020-0.055] | 15 (39.47)
enoss. 2r/°u | #2  0.030 [0.020-0.040] b0 0.000 2 (5.26)

Phalangeal territory

ppar 7 0.042[0.030-0.050] 4  0.038[0.033-0.045] 3  0.051[0.045-0.057] 2  0.021[0.015-0.027] | 16 (20.78)
ppau 5 0.047[0.040-0.075] 1  0.020[0.020-0.020] @2  0.028 [0.020-0.040] 4  0.033[0.030-0.050] | 12 (15.58)
thr 11  0.046[0.033-0.057] 3  0.038[0.033-0.040] 1  0.043[0.030-0.057] 2  0.042[0.030-0.053] | 17 (22.08)
tbu 4 0.038[0.030-0.040] 4  0.044[0.033-0.060] 2  0.367[0.030-0.043] 3  0.039[0.020-0.050] | 13 (16.88)
pa 10  0.047[0.020-0.070] 8  0.055[0.037-0.065] 3  0.039[0.035-0.043] 5  0.033[0.015-0.050] | 26 (33.77)
pde 3 0.023[0.010-0.040] 6  0.032[0.010-0.047] 4  0.028[0.020-0.040] 1  0.027 [0.027-0.027] | 14 (18.18)
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Figure 13. Color Doppler ultrasonographic images of normal joint vessels on healthy

volunteers. (Left side of the images A-H refers to the metacarpal half.) (60)

(A-C) radial side of the 2nd joint on coronal plane. On B the dotted line indicates the
outer border of the enthesis. (D-F) dorsal side of the joint on sagittal plane images. Note
the superficial cutaneous vein along the top of image D. On E the dotted line indicates

the dorsal triangle. (G, H) palmar side on sagittal plane. (I, J) axial plane images
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demonstrating the homunculus shaped soft tissue complex with palmar metacarpal artery
in the center and its bifurcation into R- and U-branches, respectively.

Abbreviations: arrowhead: entry point of a bone supplying vessel; art: Doppler mirror
artifact; cpda: common palmar digital artery; da: dorsal arcade; dtml: deep transverse
metacarpal ligament; eb: enthesial branch; E: extensor tendon; F: flexor tendon; I:
interosseous muscle; L: lumbrical muscle; mcp: metacarpal; mla: main lateral artery; pa:
phalangeal arcade; pma: palmar metacarpal artery; pp palmar plate; ppa: palmar plate
artery; ppda: proper palmar digital artery; R: R-branch; ta: triangular arcade; tb:

tenosynovial trunk; U: U-branch (60)

4.1.3. Difference in Doppler signal occurrence among metacarpophalangeal joints
Doppler signal (any) could be identified more frequently in MCP joints 2-3 compared
to MCP joints 4-5 (p<0.0001). Comparing the numbers of the intraarticular vessels
(enosseal, enthesial and palmar plate) successfully identified with ultrasound, this
difference was also observable between MCP joints 2-3 and 4-5 (p=0.009). However,
such difference was not present (p=0.1373) between these joints when comparing the
great, extraarticular vessels (R-branch, U-branch, main lateral artery). Difference
between the vessel diameters measured with ultrasound and on the cryosectioned

specimens was significant in all joints (p < 0.0001) (Figure 14).
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Figure 14. Comparison of ultrasonographic and cryosectioned diameter

measurements (C1=95%o) (60)

Abbreviations: cr: cryosectioning; uh: ultrasonography; a: R-branch; b: U-branch; c:

dorsal arcade; d: dorsal enosseal; e: palmar enosseal; f: dorsal triangle arcade; g: main

lateral artery; h: enthesial; i: enosseal lateral; j: palmar plate radial; k: palmar plate ulnar;

I: tenosynovial branch radial; m: tenosynovial branch ulnar; n: phalanx arcade; o: phalanx
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To provide a clear overview about the general arterial pattern of the

metacarpophalangeal joints 2-5, a schematic drawing is shown in Figure 15.

Figure 15. Schematic drawing about the main arterial vessels of the
metacarpophalangeal joint (60)

The proximal (metacarpal) half and distal (phalangeal) half are shown on the right and
left side of the image respectively.

Abbreviations: ala: accessory lateral artery; da: dorsal arcade; eb: enthesial branch; mla:
main lateral artery; pa: phalangeal arcade; pma: palmar metacarpal artery; ppa: palmar
plate artery; ppda: proper palmar digital artery; R: R-branch; ta: triangular arcade; tb:

tenosynovial branch; U: U-branch

4.2. Investigation of the cartilage thickness on the metacarpal heads 2-5

4.2.1. In situ ultrasonographic measurements on cadaver hands
4.2.1.1. First period of investigation

During the first examination period 20 cadavers’ MCP joints were scanned. One left
hand’s MCP3 joint had to be excluded due to air entrapment in the joint cavity. In the
remaining 19 joints we found intact morphological relationships using B-mode grayscale
scanning. Both ultrasonographic interfaces were clearly identifiable as a white line. The
thickness of all cartilages was measured twice, starting above the lower interface but
including the upper white line. The results of these measurements together with the data

gained from the macroscopic sections (4.2.2.) are summarized in Table 7.
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4.2.1.2. Second period of investigation

In the second period 24 cadaveric MCP joints were scanned. Due to erosion signs two
of them (one left MCP5 and one right MCP2) had to be excluded. We have found intact
morphological relationships in all the remaining joints. In these cases the cartilages were
measured twice, both with and without the upper white line. The results of these 22
cartilages together with the data obtained by ex situ (4.2.3.) measurements are

summarized in Table 8.

4.2.2. Macroscopical measurements on mediansagittal sectioned metacarpal heads
All the 19 MCP joint specimens following the in situ US scanning, as described under
paragraph 3.2.1.1, were halved across their mediansagittal plane. With the exception of
one bone cyst within the metacarpal shaft detected via macroscopical inspection, no other
pathological lesion was identified, and this solitary cyst was no indication for exclusion
of the specimen. Cartilage thickness was registered on both the dorsal and volar aspects

of the cartilage and according to the region of the US measurements. (Figure 5) (Table 7)

4.2.3. Ex situ ultrasonographic measurements on metacarpal head cartilages
Scanning and measurements were carried out on all 22 metacarpal head cartilages both
with and without the upper white line. The sagittal and transversal marking needles were
in all cases without any difficulties visualized on the US scans by positioning the
transducer so that we got the longest projection of the needle onto the image. The results

are summarized in Table 8.

4.2.4. Histological analysis and measurements on metacarpal head cartilages

From each cartilage specimen 10 histological slides were prepared. All cartilages and
the subchondral bone appeared to be normal. Attention was paid also to the tidemark line,
which we found in 17 cases (77.27%) to be simplex, but in 5 cases (22.73 %) to be
doubled. In cases of a doubled tidemark, only one was a continuous line, the other
appeared as a dim, on some points, interrupted line (Figure 2). For measurement
consequently the continuous tidemark line was considered. The cement line was

identifiable in every specimen. (Table 9)
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Table 7. Cartilage thickness measured on metacarpal heads in situ with US and on
mediansagittal sections of the same specimens.

All measurements are in millimeters. The average values were calculated from the dorsal,
volar and centrally located measurements, respectively.

MCP: metacarpophalangeal joint; US: ultrasonography

Mediansagittal section Ultrasonography
Specimen Joint Dorsal Central Volar Average us-1 us-2
1 - left MCP2 0.60 0.41 0.29 0.43 0.50 0.44
MCP3 excluded
MCP4 0.83 0.59 0.71 0.71 0.72 0.44
MCP5 0.81 0.32 0.71 0.61 0.49 0.52
1-right MCP2 0.84 1.00 0.95 0.93 0.84 0.86
MCP3 0.70 0.74 1.09 0.84 0.58 0.79
MCP4 0.69 0.73 0.84 0.75 0.69 0.70
MCP5 0.76 0.75 0.62 0.71 0.76 0.63
2 - left MCP2 0.63 0.54 1.00 0.72 0.68 0.48
MCP3 0.56 0.59 1.15 0.77 0.57 0.55
MCP4 0.56 0.43 0.74 0.58 0.53 0.42
MCP5 0.60 0.55 0.57 0.57 0.53 0.53
2 - right MCP2 0.62 0.52 0.98 0.71 0.62 0.48
MCP3 0.65 0.44 1.10 0.73 0.57 0.46
MCP4 0.55 0.47 0.68 0.57 0.56 0.52
MCP5 0.61 0.49 0.59 0.56 0.61 0.62
3-right MCP2 0.46 0.82 0.84 0.71 0.62 0.55
MCP3 0.81 0.72 1.02 0.85 0.77 0.61
MCP4 0.47 0.70 0.74 0.64 0.66 0.43
MCP5 0.83 0.77 0.71 0.77 0.47 0.76
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Table 8. Thickness of metacarpal head cartilage measured via in and ex situ
ultrasonography, in both cases with and without the upper hyperechoic interface.
All measured values are in millimeters. Two joints were excluded from measurement
(empty rows).

MCP: metacarpophalangeal joint; US: ultrasonography

in situ US measurement ex situ US measurement
specimen joint no interface  with interface  no interface  with interface
01B09 MCP2 | 027 029 045 051 | 028 032 052 048
left MCP3 | 021 025 033 038 012 012 032 0.24

MCP4 | 016 021 033 041 { 020 024 036 0.36

MCP5 | 029 032 046 045 028 036 056 052

01B09 MCP2 | 024 022 040 033 { 028 036 044 052
right MCP3 | 0.18 016 036 033 | 028 020 040 0.36
MCP4 | 015 009 023 027 { 020 020 024 0.28

MCP5 | 032 034 058 055 | 044 032 064 064

12529 MCP2 | 066 062 071 065 ; 068 052 076 048
left MCP3 | 052 052 068 058 { 052 048 064 0.64
MCP4 | 054 054 080 065 { 072 064 080 0.80

MCP5 | 036 043 063 073 { 068 0.60 084 0.88

12S29 MCP2 | 064 059 076 084 | 052 052 068 0.68
right MCP3 | 045 054 080 078 { 060 064 076 0.80
MCP4 | 0.73 075 084 083 | 060 052 084 0.80

MCP5 | 052 047 071 073 { 052 052 072 0.80

03A07 MCP2 | 029 026 051 053 | 042 043 066 0.64

left MCP3 | 026 026 043 045 { 029 029 046 0.39
MCP4 | 009 017 041 038 | 021 029 029 043

MCP5

03A07 MCP2
right MCP3 | 0.26 027 031 0.36 025 021 043 043

MCP4 | 020 016 030 0.28 021 029 039 0.0
MCP5 | 019 022 033 0.36 029 029 036 046

45



DOI:10.14753/SE.2025.3132

Table 9. Histological measurement data about the thickness of metacarpal head cartilages.

The average values are derived from 10 individual measurements. In case of specimen ‘01B09’ all joints of the left hand, and the right second
joint showed a doubled tidemark line (underlining). MCP: metacarpophalangeal joint; spec.: identifier of the specimen; tm: measured down
to the (continuous) tidemark line; sh: shortest distance between cement line and cartilage surface; lo: longest distance between cement line

and cartilage surface

left hand right hand
MCP2 MCP3 MCP4 MCP5 MCP2 MCP3 MCP4 MCP5
spec. average [minimum - maximum]
01B09 tm | 0.48[0.46-0.53] 0.37[0.35-0.41] 0.37[0.34-0.40] 0.57[0.53-0.61] | 0.36[0.35-0.38] 0.47[0.43-0.54] 0.45[0.39-0.49] 0.77[0.74-0.79]
sh | 0.60[0.55-0.76] 0.47[0.41-055] 0.46[0.40-0.55] 0.63[0.60-0.65] | 0.43[0.41-0.46] 0.57[0.49-0.66] 0.52[0.47-0.59] 0.91[0.82-0.98]
lo | 0.69[0.56-0.86] 0.49[0.42-0.61] 0.54[0.41-0.74] 0.73[0.63—0.85] | 0.51[0.41—0.60] 0.64[0.55—0.75] 0.56 [0.49—0.61] 0.95[0.82 —1.02]
03A07 tm | 0.62[0.57-0.74] 0.50[0.48-0.58] 0.32[0.27—0.38] excluded excluded 0.36 [0.27-0.47] 0.49[0.36-0.64] 0.43[0.40-0.47]
sh | 0.69[0.61-0.79] 0.58[0.50-0.70] 0.42[0.35—0.45] excluded excluded 0.46 [0.36-0.53] 0.58[0.46-0.70] 0.50[0.46 —0.58]
lo | 0.78[0.67-0.88] 0.64[0.54—0.77] 0.43[0.35— 0.49] excluded excluded 0.51[0.39-0.64] 0.61[0.47-0.73] 0.57 [0.49 — 0.69]
12S29 tm | 0.84[0.82-0.87] 0.81[0.73-0.86] 0.86[0.84—-0.89] 0.89[0.83-0.96] | 0.79[0.76 —0.84] 0.79[0.77-0.84] 0.88[0.84-0.91] 0.77 [0.74-0.81]
sh | 0.95[0.90-1.02] 0.92[0.81-1.03] 0.99[0.93-1.02] 1.01[0.94—1.12] | 0.90[0.83-0.97] 0.89[0.84—0.96] 0.97[0.91-1.09] 0.88[0.81 —0.93]
lo | 1.02[0.95-1.09] 0.95[0.82-1.10] 1.06[0.97-1.13] 1.10[0.95-1.24] | 0.98[0.87-1.08] 0.94[0.85-1.02] 1.05[0.93-1.15] 0.95[0.92-0.98]
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4.2.5. Statistical analysis of cartilage thickness measurements
4.2.5.1. Comparison of macroscopic and in situ ultrasonographic measurements

There was no significant difference between cartilage thickness measured by the
anatomical or the US method (mean£SD; (0.67£0.11; (0.52-0.92 mm) vs 0.69+0.12;
(0.43-0.93 mm)) (Figure 16A). Although we measured in dorsal, volar and central
positions on the cartilage, following the daily clinical routine, we used the central
anatomical measurement as a representative, which, due to its position, most closely
corresponded to the ultrasound measurement when the joint was in flexed position (0.73;
95% CI 0.42 to 0.88). Furthermore, between the results of the two measurements
methods, the ICC showed moderate agreement (0.61; 95% CI 0.23 to 0.83) on cadaveric
specimens. Figure 16B shows a Bland—Altman plot outlining the differences between the

two measurement methods (sonographic and anatomical).
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Figure 16. Comparison of ultrasonographic and macroscopic anatomical
measurements on cadavers’ metacarpal head cartilages (61)

(A) Relationship between metacarpal cartilage thickness measured on the same cadaveric
specimens by US and anatomically on their mediansagittal cut surface.

(B) Bland-Altman plot displaying the same measurements. Full line represents the mean
of differences between the two measurement methods. The dotted lines are the confidence
intervals (CI) of the mean and the dashed dotted lines represent the lower and upper limits
of agreement (LOA).

Abbreviations: MCT: metacarpal cartilage thickness; Sono. cad.. sonographic

measurements on cadavers; Anat. cad.: anatomical measurements on cadavers
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4.2.5.2. Comparison of cartilage thickness data collected by ultrasonographic (in situ and
ex situ) and histological measurements

The intersections of the clinically and statistically most relevant models (by in and ex
situ US and histologically registered data demonstrating cartilage thickness measured
from the cartilage surface to the tidemark and to the deepest location of the cement line,
respectively, in all cases including the upper interface) were selected. These four different
measurement pairs were compared.

Taking into account all the 22 cartilages, the histological measurements starting at the
tidemark line and the in situ US measurements showed the best correlation. Based on its
linear regression equation the coefficient was given as 0.996, by which the sonographic
data had to be multiplied to receive the histological data. When comparing in situ US with
the maximal cartilage diameter on the same sample, the US data had to be corrected by
1.09 to get the histological results. In addition, the thickness ratio between the tidemark-
surface distance and maximal cartilage diameter was calculated and found to be 79.13%
on average. The linear regression equations for all the chosen models are shown in Table
10. (Figure 17)
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Figure 17. Bland-Altman plot displaying the agreement between two measurement
techniques: the gold-standard histology, inclusive of the tidemark, and the US
method

The X-axis represents the average of the two measurements, while the Y -axis illustrates
the difference between them in millimeters. The mean difference is visualized as the
thicker black line, with the upper and lower 2 standard deviation limits represented by red
dashed lines. All our results fall within the range of the 95% limits of agreement, which

spans from -0.008 cm to 0.025 cm.
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Table 10. Linear regression equations describing statistical comparison of
ultrasonographic and histological investigations on the same metacarpal cartilages.
Tidemark/base ratio shows the proportion of non-calcified cartilage against the total
cartilage thickness based on histological measurements.

tH and bH: histological thickness of non-calcified cartilage and total cartilage diameter,
respectively; iU and eU: in and ex situ ultrasonographic measurement, respectively;

MCP: metacarpophalangeal joint

Group, (n=sample size) | tH/iU bH/IU tH/eU bH/eU Tidemark/base ratio (%)
MCP2, n=5 1.09 1.15 - - 77.52
MCP3, n=6 1.00 1.00 0.99 1.01 79.20
MCP4, n=6 0.90 1.027 0.96 1.09 79.27
MCP5, n=5 1.08 1.23 0.998 1.14 79.99
MCPa, n=22 0.996 1.09 1.01 1.12 79.13
Average/method-pair | 1.013 1.099 0.989 0.994 -

4.2.6. Cartilage thickness mapping on cryosectioned metacarpophalangeal joints 2-5

The cryosectioning resulted in 328 high-resolution color images, each one representing
a 100-micrometer-thick layer. In every layer, containing the metacarpophalangeal joints
with their cartilages, all cartilages have been found to be macroscopically intact.

After the metacarpal head cartilages have been segmented, the processing by MeshLab
software demonstrated a typical zonal partition of cartilage thickness. Most typically on
the 3 cartilage, for which the color map was calibrated, the thickness zones appeared as
concentric strips organized into the frontal plane. Based on this pattern, we determined a
central zone, surrounded by the intermediate zone both palmar and dorsal to it and, along
the dorsal and palmar edges of the cartilage, the peripheral zone, with the latter being
surrounded to varying degrees by the intermediate zone (depending on the localization of
the cartilage). This phenomenon was similarly conspicuous on the 2" metacarpal, and
detectable on the 4™ metacarpal with some limitations. The central zone demonstrated
both on the radial and ulnar margins of all cartilages a spurlike radioulnar extension again

with differences to a certain degree. The dorsal peripheral zone of the 3™ cartilage was
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divided by the dorsal depression, but the palmar one remained a single zone. The
peripheral zones of the 2" and 4™ cartilages showed similar characteristics with a
pronounced overweight on the sides adjoining the 3" metacarpal. The 5™ cartilage was
an entity, as the ulnar half of it showed an extreme palmar extension of the central zone
by nearby complete absence of the peripheral zones and divided the remaining palmar
intermediate zone in two unequal parts. (Figure 18A)

Figure 18. Reconstruction of the 2"d to 51" metacarpals’ cartilage thickness zones

A) Image demonstrating the concentrically positioned thickness zones: central (red),
intermediate (green), peripheral (blue) (bottom right: orientation, where D=dorsal,
P=palmar, R=radial, U=ulnar).

B-D) Selective visualization of the 3" metacarpal’s thickness zones with histogram of

thickness values and their distribution. Colors correspond to those of image A.

The cartilage thickness value ranges were determined for each zone based on the color
map above. The central zone appeared to be the region of the thinnest cartilage with a
thickness range 0.34-0.73 mm. The intermediate zone ranged between 0.73-1.10 mm, and
the peripheral zone between 1.10-1.50 mm. (Figure 18B-D)
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The extension of each zone in percentage of the total cartilage surface showed again
similarities between the 2" and 3™ metacarpals, where about one third of the total surface
was represented by the central zones, half of the cartilages was occupied by the
intermediate zones and the remaining less than 20% was made up by the peripheral zones.
Toward the 5™ cartilage this tendency turned to the central zone, with a 75% extension of
it on the 5™ one, and only a marked presence of the peripheral zones was detected on both
the 41 and 5™ cartilages. (Table 11.)

Table 11. Proportion of surface areas of cartilage thickness zones in percentages at
each metacarpal head. MCP: metacarpophalangeal joint; inter.: intermediate zone;
periph.: peripheral zone; inter.-D: dorsal intermediate zone; inter.-P: palmar intermediate

zone; periph.-D: dorsal peripheral zone; periph.-P: palmar peripheral zone; n.a.: not

applicable
MCP | total central inter. periph. inter.-D inter.-P periph.-D  periph.-P
2d 1 100.01  35.07 47.34 17.60 14.72 32.62 9.16 8.43
39 | 100.00  34.96 51.69 13.35 14.80 36.90 5.68 7.66
4t 100.00  58.83 37.55 3.62 13.47 24.08 0.61 3.01
5th 99.99 75.87 23.93 0.19 11.30 12.63 n.a. n.a.
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5. Discussion

The general anatomy of the metacarpophalangeal joints is abundantly described both in
anatomical (22, 62, 63) and in clinical textbooks (64). However, the increasing amount
of knowledge about the participation of these small hand joints in musculoskeletal
diseases and the continuous and rapid development of imaging enforce to be more

familiar with their morphological characteristics (65).

There are several imaging modalities for detecting e.g. signs of acute or chronic soft
tissue inflammation and cartilage changes in the joints (66, 67). Inflammation of tissues
and/or vessels of different location and size is a major component of common
rheumatological pathologies such as synovitis, enthesitis and vasculitis (68-71). MCP
joints are frequently involved in inflammatory arthritides, especially in RA, psoriatic
arthritis and juvenile idiopathic arthritis (72-74). Additionally, finger arteries are often
affected in various types of vasculitides (70). A patient-friendly, cheap, both outpatient
or bed-side applicable and easily reproducible alternative for articular imaging modality
is US. US operates similarly to MRI without ionizing radiation. Similar to MRI, it has
been found to be feasible in the evaluation of inflammatory signs, and both are
recommended e.g. in RA outcome measures and validated/standardized scoring systems,
respectively. Furthermore, US is capable for real-time investigation of multiple joints in
the same setting (75). When comparing the performance of US to other imaging
modalities, there are of course some considerations. US cannot depict pathologies
under/behind the bone surface like bone marrow edemea (25), and due to other technical
limitations, numerous artifacts may occur during imaging, necessitating a high level of
competence in machine calibration and image interpretation (45, 46). Although it is a
free-hand investigation method, both the inter- and intraobserver reliability were tested
and proven to be adequate both in MCPs and other joints (18, 25, 76-79). Nevertheless,
to achieve optimal interobserver outcomes, the elaboration of consensus-based equipment
handling and image interpretation is fundamental. With regard to different tissue elements
of joints, these were described both for cartilage (50), for joint vasculature (46) and for
distinguishing between normal and pathological findings in various inflammatory
conditions (18, 19, 80). The reliability of US in diagnosing and follow-up of hand MSK
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diseases (64) e.g. RA (14, 78-84) is evident by now. In early RA, MRI -as the gold
standard in its radiologic evaluation- (84) and US were compared on MCP joints,
proximal interphalangeal (PIP) joints and wrist joints for detection rate of synovitis,
erosions and tenosynovitis, and US performed similarly, or in case of tenosynovitis, even
better than MRI (83).

The experiments (with special emphasis on US imaging) leading to the present pursued
two major goals: to enhance our knowledge about the arterial supply of the 2" to 5" MCP

joints and the morphology of the entire cartilaginous covering of their metacarpal heads.

First, our goal was to enable the differentiation between healthy and pathologic vascular
morphology for US diagnostic. To achieve this, the arteries of MCP2-5 joints were
mapped on cadaveric specimens providing an atlas, which helps the investigator to
distinguish  between normal vasculature and angioneogenetic  conditions.
Angioneogenesis may be an important process e.g. in the initiation and course of RA and
other arthritides (85-87). In our investigations we only targeted the arteries of MCP joints
2-5, as in the joints the arteries and veins (one or two) run together (26). For a first
approach, it seemed to be appropriate to define only the arterial pattern of MCPs to
assume the general vascular topography of these joints.

To the best of our knowledge, our paper was the first systematic description of both the
peri- and intraarticular arborization of the supplying arteries, whilst highlighting some
variants (60). Detailed anatomical structure of the fibrous components of the examined
MCP2-5 joints is well known (21, 23), but sparse literature exists about the normal
vasculature of them. The blood supply of tendons and the anatomical characteristics of
dorsal metacarpal arteries are described in detail both anatomically (88-91) and for
different surgical aspects, such as the repair of tendon ruptures or building of vascularized
metacarpal flaps (30, 92). Wright et al. focused their investigations on the metacarpals’
arteries from the perspective of avascular necrosis (93). Similarly, several papers
investigated the arteries of the PIP joints of the hand and foot (31, 94). Moreover, special
attention was paid to the blood supply of the first and fifth metatarsals and the
metatarsophalangeal joint structures, respectively (28, 29). The only detailed description

found in the literature about the MCPs’ arteries was focused mainly on branches
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supplying the ligamentous structures of the joint (27). However, the study was conducted
using angioradiography in the early 1980s struggling with the typical problems of two-
dimensional summation effect. Nevertheless, in some cases our studies revealed similar
supplying branches.

To describe the entire arterial system of MCP2-5 joints, we used two validated
anatomical techniques: hand corrosion casts and cryosectioning from injected cadaver
specimens (56). The cited vascular anatomical studies used beyond radiologic
approaches, arterially injected and dissected cadaver specimens, stepwise digested
corrosion casts and cleared ex situ bony specimens using the modified Spalteholz
technique (27-29, 31, 93, 94). The morphological part of our investigations was based
mainly on corrosion casting. Corrosion casting is a rather old but still well-accepted,
cheap and feasible approach to visualize the vascular system in 3D (95, 96). The
resolution of this method is currently already on sub-macroscopic level. Microcorrosion
casting is also a routine technique, the specimens can be further evaluated using scanning
electron microscopy (97-99). However, none of these methods enable the true in situ
layer-by-layer investigation of the complete vasculature of a given joint. Furthermore,
corrosion casts are fragile, resulting in a certain amount of loss of fine details, as observed
also in our study. At the end of the procedure, only the vascular cast and, in our study, the
bones of the hands are present without any remaining soft tissue structures. Therefore, in
order to demonstrate the relationship between the MCP’s soft tissue components and the
arterial branches, cryosectioning was applied. The cryosectioning method for in situ
visualization of different human and veterinary tissues has been available for a long time
(100-103). We have successfully improved several steps of this method, resulting in a
higher spatial resolution (56), making it comparable to histological examination (26).
This ultrathin layer technique utilized in our study allowed for the precise mapping of
very small branches independent of their original three-dimensional course, and enabled
computer-aided reconstruction and measurements of the vasculature. The data, gained by
our semiquantitatively evaluated corrosion cast specimens were excellently comparable
to our crysectioned ones.

Another common vascular sign for inflamed tissue is the dilation of already present
vessels. Therefore, we measured the diameter of the cryosectioned cadaver arteries, in

order to estimate the normal size range of these vessels. We found the smallest diameters
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at the level of the arteries piercing the cortical layer of metacarpal bones, with maximal
values of around 0.2 mm. This value corresponds to the resolution capability of current
high-end US equipment.

Both the detectability of small vessels and the diameters of vascular signals using color
Doppler mode were examined on healthy volunteers to test the applicability of US in
normal joints. Our further goal was to gain information about the probability of false
positive diagnosing of an inflammatory situation. Padovano et al. described the presence
of effusion, synovial hyperplasia or low-grade power Doppler signal in some MCP joints
in a large cohort of healthy subjects, emphasizing the need to distinguish between
physiologic and pathologic ultrasound findings at the level of the hand joints (104). One
study showed synovial vascularization with Doppler ultrasound corresponding to normal
vessels in healthy wrists, first carpometacarpal joints and less frequently in MCP joints
(105). Another study raised attention to possible misinterpretation of Doppler-artefacts
outside of healthy tendon sheaths on the wrist, 2" and 3 fingers, respectively (106).
Further studies emphasized that synovial hyperplasia and locally altered vascularization
are both important parameters to define and score synovitis (18). Nevertheless, the
threshold between normal detectable Doppler signal (representing normal vessels, or
normal variants) and pathologic Doppler signal (corresponding to abnormal vessels and
flows) remains unknown (105).

The choice of the applied high-end US device was based on the fact that both the
Doppler modality and the calibration data for flow investigation in joints were tested and
published on this model in detail previously (45, 46). We chose color Doppler rather than
power Doppler, because this has been shown to be more sensitive on our US machine
(45). The US settings were based on the guidelines described by Torp-Pedersen et al. (46).
In their recent publication, they highlighted that manual settings improved the Doppler
sensitivity by an average of 78% and up to a maximum of 273% over factory settings.
Therefore, our device was calibrated by a professional GE technician with special
emphasis on small vessel detection. Our US measurements were carried out on healthy
volunteers by the same investigator under standardized circumstances (constant room
temperature, warm bath to heat the joints before examination) (107). The timing of US
investigations depended on the availability of the volunteers, thus the scans were carried

out between 7 am and 10 pm. Although Semerano et al. reported higher frequency of
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Doppler signals in MCP circulation of RA patients in the morning, this circadian change
is likely due to periodic changes in inflammation, because it correlated well with the
patient’s symptoms (108). Therefore, it is highly unlikely that the timing of our
ultrasonographic investigations had any effect on the variability of our results because
our healthy volunteers had no rheumatological complaints concerning their hands.
Nevertheless, we have to mention that the cumulated scanning time far exceeded the
routine (25, 109), which likely could have any influence on the detection rate of Doppler
signals in the healthy joints. Regardless, we were unable to detect all the anatomically
described branches in all of the investigated joints. Furthermore, our observation, that
finding a positive Doppler signal is more frequent in the 2" and 3@ MCP joints than in
the 4™ and 5% ones is in line with the increased frequency of the involvement of MCP 2-
3 in inflammation compared to MCP 4-5 joints seen in RA patients (4).

High-end ultrasonographic equipment also serves as a validated tool when
distinguishing between cortical interruptions of different origins, such as vascular
channels (entering/exiting site of a vessel through the cortical bone), bony erosions and
pseudoerosions in cases of RA patients and healthy subjects, respectively (110, 111).
However, the reliability of US differential diagnosis depends on several factors (e.qg. site,
size, shape and scenery; the ‘four S’) making the decision difficult especially in early RA
and young people (111). Considering our results, how to interpret based on the site and
size any cortical interruption remains still debatable. As it is highlighted in our study, the
vessels enter the metacarpal heads typically on all four sides the bone. These sites can be
in overlap with erosions sites. Finzel et al. compared findings from US and micro CT
images. With regard of putative bony erosions of the palmar aspect of metacarpal heads,
more false positive results were found with US, which they explained with the presence
of vascular channels misinterpreted with US (112). Our anatomical investigations
revealed a generally higher number of entering vessels on the dorsal side. These findings
were also confirmed by the much higher number of detected Doppler signals in the same
location compared to the palmar side. Despite the high-end performance of current US
devices, no exact cut-off level was defined for secure differentiation between a bony
lesion and a physiological vascular channel. Our anatomical measurements confirmed

that the size of bone entering vessels remains consequently under 0.2 millimeters, while
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our US measurements determined this threshold under 0.5 millimeters. These findings

should be considered when examining cortical interruptions based on their diameter.

Our study has some limitations both in the field of imaging and vascular measurements.
The comparison of inevitably different joint specimens using post-mortem cryosectioning
and in vivo US, and the consideration of possible anatomical variations could necessitate
a higher number of cadaver specimens and healthy controls, respectively. However, our
detailed anatomical mapping of the joint arteries revealed a rather constant pattern of
vascularity and the US examinations were all carried out based on our morphological
findings. The lack of acoustic window for US imaging between the 2nd-3rd, 3rd-4th and
4th-5th metacarpal heads is an obstacle if one aims to compare anatomical mapping to
US imaging in these regions. For this reason, we did not perform any US measurements
in these locations.

Furthermore, only one US device was used by only one examiner. As the localization of
possible vascular signals was clearly identified by the anatomical part of this study, and
the investigations were carried out under predefined criteria with no limit on scanning
time, no second examiner was invited to the US part of our studies. Future investigations
involving a large group of patients suffering from different inflammatory diseases
compared to a higher number of healthy volunteers and using different US machines by
more examiners could provide valuable data on the possibilities of (mis)interpretation of
joint blood flow under different clinical conditions.

How far we should trust the measurement data provided by our study is a further question.
On behalf of the anatomical treatment of specimens it is important to consider that
nonvital tissues had been investigated. There was no circulation (nor artificial perfusion)
in the vessels, and the arterial diameters were probably affected by the volume of injected
material further influenced by its chemical properties (e.g. minimal gas building and
consecutive dilatation in the center of injection material during the hardening process or
the shrinkage of the hardened material). This can be true for both the injected and
measured cryosectioned specimens and for the only semiquantitative evaluated corrosion
cast specimens. Nonetheless, no technical data regarding the applied materials were found

in the literature.
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It is essential to keep in mind that US devices do not differentiate between arteries and
veins. Color Doppler mode uses color-coding based on the direction of blood flow in
relation to the transducer. Since no flow parameters were registered, we cannot exclude
the possibility that in some cases venes instead of arteries were scanned. This
consideration and the fact that we compared in vivo circulatory features with specific
post-mortem conditions can be the explanations why the vessel diameters measured by
US and arterial diameters on cadaveric specimens differed significantly. Moreover, a
larger number of samples e.g. in a multicenter analysis would obviously determine the
size range of joint vessels more precisely both under healthy and pathologic conditions.
Therefore, our current vascular measurements serve rather as an experimental model than

a complete reference database for diagnostic decision making.

The second main goal of this thesis was the investigation of the metacarpal head’s
cartilage. MCP joints frequently develop cartilage erosions in different RMD’s e.g. in RA
and OA, but the involvement of them varies depending on the nature of disease. E.g. in
RA patients the 2" and 3'¥ metacarpals are more frequently involved, while in OA, no
significant differences were detected among 2" to 5" metacarpals in the occurrence of
lesions (4). Although US has been a recommended way of hand’s soft tissue diagnostic
since the early 1990s (41), less is known about the reliability of B-mode US in the
scanning and measurement of the metacarpal cartilage. Eloquent morphological data are
missing about the entire cartilaginous covering. Such findings would facilitate the early
recognition of pathological cartilage changes regardless of the type, localization and
expansion of disease. Loss of cartilage as the leading cause for severe and permanent
physical disability (7-9) has already been proven, necessitating the detection of cartilage
damage as early as possible.

In our experiments, we investigated the 2" to 51" metacarpal head cartilages using macro-

and microscopic anatomical approach and B-mode US, respectively.

First we performed US scanning on five formaldehyde fixed cadaver hands and
measured the thickness of cartilage in the midline of the metacarpal head according to
daily clinical routine. The steps of cartilage thickness measurements were in accordance

with former recommendations (1. including the upper interface in cartilage diameter, 2.
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orthogonal position of transducer, 3. correction factor 1.1 for ultrasound’s speed in
cartilage tissue) from the literature (50, 53, 113). Thereafter, we explanted and cut the
same metacarpal heads across the midline and subsequently measured the cartilage
thickness along the cut surface. Based on our published data, the comparison of the US
and anatomical measurements resulted in a validated linear relationship (61).

To our knowledge, this was the first study to correlate the US cartilage thickness
measurement in the MCP joint with cadaveric specimens. Two major conclusions can be
drawn from the study: 1. When testing the reliability of US, macroscopic sections offer
only a good approximation but fine details such as the layers of cartilage or the border to
the subchondral bone are not discernible. Therefore, the true (histological) extension of
the cartilage cannot be exactly determined with this method. 2. As we measured the
cartilage thickness on anatomical specimens in three different locations of the
mediansagittal plane resulting in three visibly different diameter values, it seems to be
insufficient for cartilage diagnostic to scan only a narrow slice and one or few locations
according to the ‘force bearing axis’.

To clear the first point, US and comparative histological examination were performed on
additional cadaver specimens. To further clarify the second point, similarly to our
vascular investigation, cryosectioning and subsequent 3D reconstruction were applied.

Both in and ex situ US scanning were performed on the MCP2-5 joints of both hands
from three cadavers. Cartilage thickness was measured in all cases first with then without
the upper interface. To ensure the exact alignment of the ex situ scanning and the
histological examination, the planes of measurement were indicated with needle marking.
Considering the relative irregularity of the cartilage—subchondral bone border (114), in
our histological specimens three different distances were measured for more precise
estimation of the cartilage thickness. The measurement always started from the cartilage
surface and ended with the tidemark line or the highest or the lowest points of the cement
line, respectively. Those US measurements matched the histological ones which included
the upper hyperechoic interface and they correlated best with the surface—tidemark
distance values confirming the results of Modest et al. (49). It seems to be only logical
that for the US the CCZ is the reflecting surface as it should have a similar acoustic
impedance as the subchondral bone has. A similar maximal value for the mineral content

in the human patella’s CCZ and its subchondral bone was measured by Gupta et al., with

59



DOI:10.14753/SE.2025.3132

a significantly higher range of mineral density in the calcified cartilage than in the non-
calcified one (115). Furthermore, from our histological studies it became evident that the
calcified zone made up around 20% of the total cartilage thickness, regardless of finger
ray. This proportion is evidently higher than reported by Miller-Gerbl et al. The authors
demonstrated on femoral head specimens that the thickness of the calcified cartilage
shows a constant percentage within the same specimen and is proportionately thicker, as
is the whole cartilage, where mechanical stress is increased. Measuring at different
locations on the same cartilages, they found these percentage values among different
bones varying between 3.23-8.80% (35). The background of this striking difference is not
clear, but we have to look for the two most plausible reasons originating from different
methods applied. Firstly, Muller-Gerbl et al. investigated several different load areas of
the specimens, while we only measured at the center of the cartilages. Secondly, no
information was provided about their exact measurement method, therefore, we don’t
know whether they have respected the cement line’s oscillating course or not. On the
other hand, there are no studies in the literature comparing different articular cartilages’
histomorphology. We also did not find any other research collating the US appearance of
normal metacarpal cartilages with their microscopical composition.

Semiquantitative analyses were published demonstrating the diagnostical exactness of
US supported by histological findings. However, these studies were carried out e.g. on
knee or forefoot surgical patients, reflecting histopathological conditions, focusing on the
accuracy of preoperative scoring and decision-making (79, 116).

Several studies reported US data about the metacarpal head’s cartilage in healthy adult
(25, 48, 61, 117, 118) and pediatric volunteers (119, 120), cadavers (25, 61) and RMD
patients (48, 61), respectively. However, these studies all lacked histological
corroborations. Moreover, the reliability of these data is questionable, as in the majority
of these studies at least one of the three fundamentals of cartilage scanning were not
respected (48, 118-120). Only one of these three fundamental recommendations was not
verified by our research, namely the correction factor 1.1 for the velocity of ultrasound in
cartilage tissue. If uncorrected, the result is a systematic erroneous underestimation of
cartilage thickness (50). Even though in our experimental setup the surrounding soft
tissues were eliminated via explanting the metacarpal heads after completing the in situ

measurements, we did not experience a 10% difference between the in vs. ex situ gained
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thickness values, neither including nor excluding the upper interface. However, to assess
the validity of this recognition some limitations of our study have to be considered. First,
needle marking of the scanning plane was only applied during the ex situ and histologic
measurements. Second, despite normal macro- and microscopic appearance, the
examined subjects belonged to a higher age range (76+13 years). When investigating
articular cartilages under distinct pathological conditions, imaging modalities (both
ionizing and nonionizing ones) face the problem of continuously changing radiological
appearance according to disease severity, altered biochemical composition and proven
histological differences being responsible for the changes (79). As the speed of the sound
showed significant differences even within the same human joint (51), it is still debated
whether US is the tool for correct estimation of cartilage damage (50).

MRI is another nonionizing imaging modality that had been declared by several clinical
studies as the gold standard for imaging of cartilage tissue (121-127). The T2 relaxation
time mapping enables the very early detection of cartilage alterations, since the use of this
technique is based on actual hydration, proteoglycan content and organization of collagen
fibers. Therefore, also local changes within the substance of cartilage are visible with this
method (128). Great expectations accompany the development of high field MRI
(HFMRI) using 7T or higher field strength, achieving a considerably higher resolution
and contrast (129). However, this latter technique is currently more in the experimental,
than in the clinical stage of application.

Despite indisputable popularity of MRI in the imaging of articular cartilage, the time
demand of scanning, the high costs of investigation, patients’ discomfort and a currently
limited resolution are major drawbacks, complemented by the need for sedation in
juveniles to avoid motion artifacts (130). Furthermore, using MRI in small hand joints is
technically difficult due to the small size of cartilages (130, 131).

While MRI seems to be sensitive detecting material changes of cartilage, US is still a
patient-friendly imaging tool with higher spatial resolution. Comparing 3D high-
resolution US’s performance to micro-CT’s resolution (15 vs. 21um), a significant
correlation was found between these two imaging modalities. Currently, both methods
are capable to depict the tidemark line in its waviness but none can provide information
about the CCZ and the cement line (132). In other words, they stop at the tidemark line.
Optical coherence tomography (OCT) is a high-resolution imaging modality (10 um or
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less depending on device), which enables to depict thickness of both the non-calcified
cartilage and the CCZ, with clear demarcation to the subchondral bone. The exactness of
these measurements was also confirmed microscopically (54, 133-135). Despite its high
resolution and ability to visualize the entire cartilage, this method has two major
drawbacks: the invasiveness (OCT catheter has to contact the cartilage surface e.g
introduced by arthroscopy) and the limited (maximum 2.0 mm) penetration of light in
cartilage (135, 136). Therefore, OCT is used currently rather as an experimental tool in
MSK diagnostic.

As the cartilage damage can be focal, diffuse or complete in its extension at different
locations (137), a 3D reconstructed visualization of the cartilaginous covering could be a
useful aid for the safe and early identification of the lesion. Including such tool in the
diagnostic and follow-up protocols can provide new possibilities to the prevention of
chronic disability. Current imaging softwares are capable to reconstruct 3D (138). To
create the basics for correct interpretation of any kind of 3D imaging, we used the
cryosectioning, thusly producing a 3D map of the metacarpal head cartilages. A very
typical zonal partition was recognized on the 2" and 3" metacarpals showing the most
regular distribution of cartilage thickness (central, intermediate and peripheral zones),
while the 5™ one was more an entity. These thickness differences were in line with our
previous observations on macroscopic anatomical sections (61). Based on the same paper,
phalangeal cartilages were not further investigated, as they do not convey added value
beyond the measurement of cartilage thickness in MCP joints. We found no similar study
in the literature, neither on the big nor on the small joints. Others found, comparing both
cartilages, that the metacarpal head is more often affected by early arthritis than the
phalangeal basis (139). Investigating young RA patients, McGonagle demonstrated a
more constant distribution of erosion site on the metacarpal cartilage than on the
phalangeal one. The most frequent erosion sites were the radial and ulnar regions as
compared to the volar and dorsal ones (24). This may be in accordance with the findings
of our study as the cartilage thickness on the metacarpal head was the thinnest in the
central zone, which zone is maximally extended on the radial and ulnar margins of the
cartilage, probably being the least protected here.

Of course, the biggest limitation of our 3D cartilage thickness mapping study is that it

was performed on a single hand. Therefore, our results should be regarded rather as an
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experimental model, without current statistical relevance. Furthermore, the applied
method, similar to our measurements on macroscopically sectioned joint specimens,
again only reflects the macroscopically discernible cartilage-bone boundary. Besides
enrolling more specimens in the investigations, the use of less expensive and time-
consuming experimental setups and a more precise estimation of the lower border of the
hyaline cartilage should be considered for future studies. These criteria may be fulfilled
by comparing laser scanning measurements both on intact metacarpal heads and on the
same specimens after chemical removal of the entire cartilaginous covering. This method
was validated in comparison with MRI on talar cartilages for the first time in 2021 (126).

What should and could be achieved by mapping of the thickness of complete metacarpal
or other joint cartilages? First of all, imaging modalities have to be elaborated which are
capable to register the total cartilage diameter and display it in 3D. Although layer-by-
layer imaging with regard to different joint or cartilage pathologies are far beyond the
scope of this thesis, it is important to mention that different layers of a joint cartilage
might be affected by distinct RMDs. Therefore, the advancement of cartilage imaging in
this direction would be more than welcome.

After collecting a sufficiently high amount of data about the thickness distribution map
of joint cartilage, this dataset could efficiently support the use of artificial intelligence
(Al) in the evaluation of in vivo cartilage diagnostic. Recently, Al demonstrated
promising results both in case of RA diagnostic on soft tissue elements (140) and in

experimental cartilage thickness estimation (141).

Integrating extended anatomical knowledge (both on vasculature and cartilage) on the
MCP joints and further improvement of imaging techniques, assisted by high-
performance image evaluation techniques may promote the early and trustworthy
diagnosis of several arthropathies, resulting in significant decrease of medical costs by
appreciably increased life quality and life expectancies of the expanding population of

people affected by MSK diseases.
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6. Conclusion

1. MCP joints 2-5 receive their entire blood supply according to a metacarpal and a
phalangeal territory from the palmar metacarpal arteries and from the common or proper

palmar digital arteries, respectively.

2. A relatively constant vascular pattern has been revealed with a few variants, and typical

cases of anastomoses.

3. Using Doppler US as a conventional imaging tool for joint circulation, the minority of

the joint arteries was detectable in more than 50% of healthy volunteers.

4. In healthy volunteers the 2" and 3" joints present significantly more valid Doppler

signals in normal vessels’ position than the 4™ and 5™ ones.

5. The comparative measurements on vessel diameter showed that US would overestimate
them at the level of small intraarticular branches. However, probably on methodical bases,

further studies are necessary to clear the validity of this recognition.

6. Our histological measurements confirmed that in case of metacarpal cartilages 2-5 US

is unable to visualize the CCZ.

7. We could not prove the validity of ultrasound’s propagation speed correction factor 1.1
in the same histological study, neither in situ nor after the explantation of the metacarpal
heads. However, proportional shrinkage of cartilage tissue caused by histological

processing cannot be excluded.

8. The cartilaginous covering of the metacarpal heads has an inhomogeneous thickness
with a typical concentric, zonal distribution and discrete differences based on joints
location. Because of the low number of the investigated specimens, further studies should

confirm the explored 3D morphology.
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7. Summary

Vascular changes in various rheumatological issues e.g. RA are generally known
diagnostic signs in different phases of diseases. Imaging of the circulation in the small
joints may add to both the early recognition of disease onset and the follow-up of the
applied therapy, presumably mitigating the chronic complications of RMDs.

In our investigations we described the entire arterial anatomy of the 2" to 5" MCP
joints. A relative constant vascular pattern was revealed. The in vivo Doppler US of
healthy subjects verified significantly higher detectability of vascular signals on the 2
and 3" joints, which are even more frequently involved in RA than the other two.
However, due to several factors, neither our anatomical nor our US measurements
provided reliable data concerning the normal size (diameter) of these joint supplying
branches. Among others, the clear ultrasonographical differentiation of veins and arteries
and the validated calibration of US equipment for small vessel circulation are still
missing. Anatomically, the ex vivo conditions together with different preparation
techniques and lack of investigation of venous branches could lead to a possible false
assessment of vessel sizes. Based on our creditable description about the localization of
joint arteries, multicenter US studies with a considerably higher number of participants
are needed to adopt this knowledge to daily clinical routine.

Since cartilage loss in chronic RA is regarded as the most relevant cause for severe pain
and working disability, we performed investigations on the 2" to 5" metacarpal heads’
cartilages. Our paper was the first to correlate US cartilage measurements with anatomical
data, both collected in cadaveric specimens. To prove the reliability of US by a gold
standard method, both in and ex situ US measurements were validated using conventional
histology. We found the investigated cartilages to be inhomogeneous in their thickness
and confirmed the phenomenon published on other joints’ cartilages that the US is only
able to detect the non-calcified cartilages. Subsequential 3D thickness mapping of the
entire cartilaginous covering showed a defined pattern of cartilage morphology with
certain differences among finger rays. We obtained valuable results in this field, however,
the low number of specimens position them to be a plausible research model without
current statistical relevance. A significantly higher number of specimens can fortify our

findings in future investigations.
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