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In-ovo imaging using ostrich
eggs: biodistribution of
F-18-FDG in ostrich embryos

Thomas Winkens™?, Pauline Schweitzer?, Olga Perkas?,
Christian Kiihnel?, Ferdinand Ndum?, Marta Pomraenke?,
Julia Greiser®? and Martin Freesmeyer®2*

IClinic of Nuclear Medicine, Jena University Hospital, Jena, Germany, ?Working Group for Translational
Nuclear Medicine and Radiopharmacy, Clinic of Nuclear Medicine, Jena University Hospital, Jena,
Germany

Abstract

In-ovo imaging using ostrich eggs has been described as an alternative to animal
testing using rodents. This approach is not considered an animal experiment and it
does not require small-animal imaging devices as ostrich eggs provide good image
quality on regular CT, MRI or PET used in humans. The aims of this study were 1) to
describe methods of radiopharmaceutical injection, 2) to explore normal
biodistribution of F-18-FDG during a 60-min list-mode-PET/CT examination
and 3) to compare biodistribution in-ovo to existing literature considering
chicken and rodents. Vessel access was successful in 54/78 ostrich eggs.
Highest FDG-uptake was observed in epiphyseal plates (0.36 + 0.06 IA%/g;
range 0.29-0.48 1A%/g) and brain (0.25 + 0.05 IA%/g; range 0.21-0.36 IA%/g).
In-vivo activity distribution on PET and ex-vivo activity distribution (well counter)
showed comparable results (Spearman’s Rho range 0.795-0.882). No significant
differences were observed regarding previous isoflurane exposure. Normal
biodistribution of F-18-FDG in ostrich embryos using a standard PET/CT system
for humans was mainly found as expected with highest uptake in epiphyseal plates
and brain which is comparable to results on rodents and chicken embryos.
Isoflurane anesthesia did not reveal significant differences regarding organ
uptake. The results of this normal distribution study allow for interpretation of
future disease models (inflammation, tumor) in ostrich embryos using F-18-FDG as
radiopharmaceutical.

KEYWORDS

in-ovo imaging, ostrich eggs, animal model, glucose metabolism, preclinical imaging

Impact statement

This work shows that normal biodistribution of F-18-FDG in ostrich embryos is
comparable to chicken embryos, rodents and humans. Thus, in-ovo-imaging using
ostrich embryos represents a promising alternative to reduce animal research
using rodents.
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Introduction

Recently, preclinical imaging using ostrich eggs has been
described as a potential alternative concept to common animal
testing using rats or mice [I1-4]. This approach bears the
advantage that, according to national and international
legislation, research using eggs does not qualify as animal
testing as long as all experiments are carried out before
hatching [5-8]. Thus, elaborate application for permission to
conduct an animal experiment as well as adequate animal
housing, trained personnel and specific equipment is — at least
in part — expendable.

Usually, chicken embryos are used for in-ovo imaging;
however, this requires dedicated small animal imaging devices
which represents a disadvantage regarding limited access [1, 2, 4].
A concept using substantially larger ostrich eggs and imaging
devices commonly used in routine clinical examinations in
humans has been published before [1, 2, 4]. Important
questions have been answered regarding implementation in a
nuclear medicine research facility, physiological embryo
development on serial CT-scans and immobilization using
narcotic gases in order to minimize embryo movement during
scans, e.g., list-mode PET/CT [1, 2, 4, 9, 10]. Given these
preliminary studies regarding ostrich-based imaging, the next
step requires systematic description of well-known
radiopharmaceuticals in this novel preclinical imaging model
which exceeds the information known from previous studies [4].

Thus, this study aims at describing methods of intravenous
injection in ostrich embryos and investigating normal
biodistribution of F-18-FDG in ostrich embryos using a
standard PET/CT system on development day (DD) 37.
Data obtained from dynamic list-mode examinations over
60 min are quantified and interpreted regarding image
quality and compared to data obtained from studies
investigating rodents and chicken eggs. Additionally, effect
of isoflurane narcotic gas on F-18-FDG distribution is
assessed. The understanding of normal biodistribution of
F-18-FDG is necessary in order to develop disease models
(e.g., inflammation or tumor models).

Materials and methods
Ostrich eggs

Ostrich eggs were obtained from a local ostrich farm 15 km
from the research facility between April and September. Artificial
incubation was carried out using a multistage egg incubator
(Sofie 3, Hemel, Verl, Germany) with constant incubation
properties at 36.5°C and 25% air humidity as described
elsewhere [2, 4]. If artificially incubated, ostrich eggs usually
hatch after 42 days [11]. As it was a requirement to end all
experiments before hatching, studies were performed on DD 37.

Experimental Biology and Medicine
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This embryo study did not qualify as an animal research study
according to the Federal German Animal Protection Act.
Registration took place with the Office for Consumer
Protection of the Thuringia State, registration number 22-
2684-04-02-114/16. All experiments were carried out in
compliance with German and international animal welfare
legislation.

Immobilization

In order to prevent motion artifacts during 60-min list
mode dynamic PET/CT scan, a part of the ostrich embryos
were exposed to narcotic gas isoflurane (Piramal Healthcare,
Mumbai, India) using a standard vaporizer (Vapor
2000 Isofluran, Draeger, Luebeck, Germany) and a fix
concentration of 6% which has been described effective for
immobilizing ostrich embryos [1, 9]. For 60 min, isoflurane
exposure was performed in a gas-tight container prior to
PET/CT scan. Ostrich eggs were subsequently transferred to
a working bench, preparing for vessel access.

Vessel access

Intravenous application of radiopharmaceuticals requires
establishing a vessel access. Candling (diaphanoscopy-like
illumination) of ostrich eggs was performed on DD 25 and
DD 28, identifying faintly visible vessels of chorioallantois-
membrane (CAM) located beneath the eggshell. Subsequently,
the vessels’ location and course is marked on the eggshell using a
pen. During later development stages, identification of CAM
vessels is obscured by extended shadowing of the large ostrich
embryo. On DD 37, part of the eggshell was removed using a
rotating cutter (Dremel, Bosch Powertools B.V. Breda,
Niederlande), either by windowing (removing a rectangular
part of the eggshell; Figures 1A-C) or by decapitation
(removing the whole eggshell at the end of the egg containing
the air cell; Figures 1D,E). Subsequently, CAM vessel was
punctured using a 30 gauge cannula (Sterican, B. Braun,
Melsungen, Germany) (Figures 1D,E), connected to a
polyethylene tube with an inner diameter of 0.28 mm (BD
Intramedic, Fisher Scientific GmbH, Schwerte, Germany), and
flushed with saline.

Radiopharmaceutical

F-18-fluorodeoxyglucose (FDG) was obtained from Life
Radiopharma f-con GmbH (Holzhausen an der Haide,
Germany). 1-mL syringes were filled with approx. 2-10 MBq
F-18-FDG and total volume of <0.5 mL. Pre-injection and post-
injection syringe activity was measured using a standard dose

Published by Frontiers
Society for Experimental Biology and Medicine
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FIGURE 1

Procedure of vessel access on DD 37. (A—C): Lateral access. (A): Lateral view with vessels (orange arrow, dotted lines) which were identified on

DD 25 by candling and marked with a pencil. The solid line (black arrow) represents a rectangular area of the eggshell to be removed. (B): Cutting of
the eggshell using a rotating cutter along the solid line. (C): The rectangular area of the eggshell has been removed and cannulation of a small vesselis
performed. (D,E): Top access/Decapitation. (D): After the whole eggshell at top of the egg (containing the air cell) has been removed, a candling

light (white arrow) is placed laterally, illuminating the CAM-vessels (orange arrow) beneath the white egg shell membrane. Cannulation is performed
using a 30 gauge cannula (blue arrow). (E): Successful vessel access indicated by blood backflow into the catheter (red arrow).

calibrator (Isomed 2010, Nuvia Instruments GmbH,

Dresden, Germany).

PET/CT data acquisition and
reconstruction; image analysis

After establishing a vessel access, PET/CT examination
started using a standard scanner for clinical routine
examinations in human patients (Biograph mCT 40, Siemens
Healthineers, Erlangen, Germany). First, full-dose CT-scan
(120 kV, 200 mAs, increment 0.3 mm, slice thickness 0.6 mm,
filtered back projection) was acquired for attenuation correction

Experimental Biology and Medicine

purposes and anatomic co-registration. List-mode dynamic PET
was started immediately after injection of F-18-FDG and data
were acquired for 60 min. PET data reconstruction was
performed using iterative technique (4 iterations, 12 subsets,
matrix 400, Gaussian filter, zoom factor 2 and optimized
proprietary
Healthineers) comprising point spread function and ordered

reconstruction mode True X (Siemens
subset expectation maximization (OSEM) algorithms. List-
mode data were reconstructed in 120 30-s-timeframes as well
as additional 10-s frames during the first 2 minutes. Image
analysis and quantification was performed using proprietary
VB50BHF02,
Healthineers). In order to quantify activity distribution,

software  (syngo.via,  version Siemens

Published by Frontiers
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spherical volume-of-interests (VOIs) were drawn and activity
was expressed as standardized uptake value (SUV), kBq/mL as well
as relative injected activity per mass (IA%/g). For each organ/
compartment, two VOIs were drawn and the mean value of both
measurements was used for further analysis. IA%/g was chosen for
comparison of PET and ex-vivo biodistribution data because well
counter measurements cannot be expressed as SUV. Regarding
dynamic activity distribution correct VOI position was manually
verified in each timeframe. Patlak plots were derived from dynamic
PET data using a blood-derived input function.

Ex-vivo biodistribution

Quantification of activity distribution of different ostrich
organs was verified by ex-vivo measurements. After PET/CT
examination, ostrich embryos were sacrificed by i.v. injection of
500 mg sodium pentobarbital. Organs (i.e., brain, heart, liver,
ventriculus, intestine, kidneys) and fluids (i.e., yolk, blood) were
collected and specific activity was measured using a standard well
counter (Isomed 2100, Nuvia Instruments).

Statistics

Data analysis and descriptive statistics were performed using
Excel (Microsoft Excel 2016, Microsoft Corporation, Redmont,
WA, United States). Values were expressed as mean and standard
deviation was given, if applicable. Correlation was calculated
using Spearman’s Rho Correlation Test and p-values < 0.05 were
considered significant. Bland-Altmann-plots were analyzed in
order to exclude bias.

Results

A total of 339 ostrich eggs were obtained from a local ostrich
farm. 78/339 (23.0%) showed fully developed ostrich embryos on
DD 37 and were prepared for PET/CT imaging. Success of vessel
access and reasons for partial or complete failure are shown in
Figure 2. In total, 54/339 ostrich embryos were available for
dynamic PET/CT imaging (60-min list mode) with different
radiopharmaceuticals. Regarding normal distribution of F-18-
FDG, twelve ostrich embryos were investigated after exposure to
isoflurane. Four different ostrich embryos served as control
group and were not exposed to isoflurane before PET/CT
examination.

Visual image analysis

Five different time points of dynamic list mode PET/CT are
shown in Figure 3, representing activity distribution over time.

Experimental Biology and Medicine
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Additionally, images of different organs/structures are shown
in Figure 4.

Quantification

Dynamic activity distribution over time is shown in Figures
5, 6 Organ activity assessed 55 min p.i. via F-18-FDG-PET/CT
and ex-vivo activity showed comparable results (Figure 7).
Analyses using Bland-Altman plots revealed all data within
1.96-times
overestimation or underestimation (data not shown). Highest

standard ~ deviation = without  significant
uptake was found in epiphyseal plates (0.36 + 0.06 IA%/g; range

0.29-0.48 TA%/g).

Effect of isoflurane

Figure 8 shows organ activity in ostrich embryos after
exposure to isoflurane (n = 12) and without exposure to

narcotic gases (n = 4). No significant differences were observed.

Discussion

This study describes normal biodistribution patterns of F-18-
FDG in ostrich embryos 5 days before hatching.

Strengths of in-ovo imaging using
ostrich embryos

The idea to use ostrich embryos arose from two specific
limitations at the research facility: First, the lack of a small-
animal imaging device for biodistribution studies, and second,
prolonged time until receiving permission for classic animal
testing using rodents. These limitations were addressed by
using ostrich embryos which are large enough to be
investigated in regular imaging devices used in humans and
which do not qualify as animal testing under a legal view. The use
of avian eggs, specifically chicken eggs, is widely distributed;
however, mostly focusing on well-vascularized CAM as a
biomembrane, allowing for tumor cell growth and thus,
monitoring anti-neoplastic substances. The embryo itself
usually is not in the focus of CAM-experiments. This is an
the
advantages over rodents: First, avian embryos only need

unrealized potential as embryo offers interesting
warmth and oxygen for regular development. All other
resources (nutrition, water) are inside the eggshell, thus, no
feeding is required. Second, during the second half of
breeding, all organs are fully developed and thus, the whole
body may be investigated. In contrast, CAM only focuses on the

properties of the implanted tumor or the CAM vessel reaction to

Published by Frontiers
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FIGURE 2
Success of vessel access and reasons for partial or complete failure.

the tumor. The limitations of using ostrich embryos are
addressed below.

Artificial incubation and vessel access

Several steps are necessary in order to obtain a viable ostrich
embryo on DD 37 for PET/CT imaging. First, eggs have to be
fertilized which varies according to season, weather conditions
and ostrich hens’ and rooster’s health [12-14]. Fertilized eggs are
identified as early as DD 13 by candling and are continuously
stored in the incubator while unfertilized eggs are removed and
discharged [12, 14]. Second, during the following development
steps, death-in-shell (DIS) can occur which also reduces the
number of viable ostrich embryos [13]. Third, successful vessel
access is required for i.v. injection of radiopharmaceuticals. After
these steps, in the current study a total of 16% of initially obtained
ostrich eggs contained viable embryos available for PET/CT
imaging. Success rates for artificial breeding in ostrich farms
vary from 40 to 70% which is higher than in this study [12, 15,
16]. This is attributable to distinct low rate of fertilization in our
research facility in 2021 as previous years revealed fertilization in
29, 38 and 62% of ostrich eggs, respectively [14]. As it is difficult
to improve fertilization rates per se, effectiveness of in-ovo
imaging using ostrich eggs could be increased by improving
methods of artificial breeding, thus avoiding DIS, and
establishing vessel access, latter bearing higher potential with
increasing handling experience [17, 18]. Also, ostrich egg supply
needs to be considered. For this study, the ostrich eggs were

Experimental Biology and Medicine
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provided by one farm. A diversification of egg supply could add
to improved artificial breeding success in years of low fertilization
rates at one farm.

Visual image analysis

In-vivo biodistribution of F-18-FDG in ostrich embryos was
found as expected. Image example of one ostrich embryo is
shown in Figures 3, 4 with early tracer distribution in
cardiovascular system, followed by liver accumulation and
subsequent soft-tissue enhancement. At 55 min, epiphyseal
plates and brain are the areas of highest tracer accumulation.
Notably, soft-tissue clearance over time in ostrich embryos is less
than biodistribution pattern described in rodents and humans.
This is likely caused by lack of sufficient renal tracer excretion in
ostrich embryos which rely on allantoic metabolite deposition
instead of urinary excretion in adult animals and humans [19,
20]. Recently, comparable results have been described by Smith
et al. for chicken embryos on DD 14 [18]. Earlier publications
report on biodistribution of different radiopharmaceuticals,
including FDG, in chicken embryos using a small-animal
PET/CT high
accumulation of FDG [21]. Missing renal excretion of

system, also showing rather soft-tissue
radiopharmaceuticals is known from patients with chronic
kidney failure depending on dialysis. In most cases, the results
of F-18-FDG-PET/CT are not significantly hampered and the
clinical question is answered as accurately as in patients with

normal renal function. Thus, high soft-tissue tracer accumulation
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FIGURE 3

Dynamic PET/CT scan of an ostrich egg on DD 37. Fusion imaging of maximum intensity projection (MIP, PET) and virtual rendering technique
(VRT, CT) was chosen for three-dimensional visualization. Timeframes in the upper left corner of each image represents the time after injection (p.i.)
of 10 MBq F-18-FDG. In the first timeframe (1-10 s p.i.) the activity in the plastic tube is visible (orange arrow), caused by the injection. Additionally, the
vitelline vein is depicted (yellow arrow) in which the blood flows from the CAM to the embryo. Due to high specific activity within a small volume,

the embryo’s vessels show an intense signal. Considering later time points, it is possible to identify an area of high uptake in the embryo’s thorax
during the first timeframe which decreases over time and represents the heart/blood activity (red arrow). The second image (21 — 30 s p.i.) shows
accumulation of activity within the whole embryo, mainly in the vessels and starting in soft tissue. Activity in the vitelline vein (yellow arrow) is
decreasing and the liver (green arrow) represents the organ with highest activity accumulation. The following two images (61 — 90 s p.i. and
241-270 s p.i.) are characterized by steady decrease of blood and liver activity, and increasing accumulation in soft tissue instead. In general, a more
homogeneous activity distribution is observed compared to the early timeframes. The blue arrow marks activity which is located outside of the egg,
caused by residual syringe activity placed next to the egg after application of F-18-FDG. The last image gives an overview of the activity distribution
55 — 60 min p.i. using the same thresholds for MIP-imaging. FDG-uptake is visible in the brain and in epiphyseal plates (see also ). White
arrows mark anatomical structures for anatomic co-registration of activity distribution
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FIGURE 4

Dynamic F-18-FDG PET/CT scan of the same ostrich embryo as depicted in

but with focus on representative images of organs and

structures. Embryo vessels are shown in the two images of the top row at 31 — 40 s p.i. The yellow arrow marks the long carotid arteries (upper left
image) and the abdominal aorta (upper rightimage) inferior to the liver (green arrow). The yellow arrow with star points at the extraembryonal vitelline
vein. In the upper right image, activity within the kidneys is visible (pink arrow). Brain activity is marked with a blue arrow in the lower left image

(40 min p.i.). In order to depict activity distribution in the epiphyseal plates (red arrows) of the lower extremity (femur, tibiotarsus, tarsometatarsus),
scaling was adjusted. White arrows mark anatomical structures for anatomic co-registration of activity distribution

is not regarded as a significant limitation of in-ovo imaging using
ostrich eggs.

Wu et al. described brain FDG uptake in mice over 60 min
[22]. The results obtained in the current study suggest that
brain uptake in ostrich embryos is less evident than reported
for humans and awake mice. This might be attributable to
three main factors: First, brain function in ostrich embryos is
not yet fully developed before hatching, thus low glucose
metabolism can be assumed. Gradually increasing cerebral
glucose metabolism has been described for developing rats

during pre- and postpartal period [23] which is supported by

13

analyses that the developing mammalian brain uses different
substrates (e.g., ketones, fatty acids) and glucose, whereas the
adult brain solely relies on glucose for energy supply [24].
Second, apart from cerebral base rate glucose metabolism,
stimuli and sensations are low in a concealed egg shell, thus
contributing to low brain activation. The brain of chicken
embryos showed variable FDG-uptake in a study performed
by Balaban et al. investigating different brain regions and
]. Third, avian
neurons have been described to consume three times less

describing active and inactive brain states [

glucose than mammalian neurons; however, focusing on
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F-18-FDG biodistribution of 12 ostrich eggs in different organs and compartments (yolk, epiphyseal plates, brain, blood, liver, muscle, kidney)
over 60 min, assessed via VOI measurements on PET/CT. X-axis was adjusted for late time points (>30 min) for better visualization.Insert graph on top
shows first 120 s for assessment of early distribution effects, specifically blood curve (yellow). Data are expressed as relative organ activity per injected
activity (IA%/g). Whiskers represent standard deviation. For clarity purposes, time points were spread in order to allow for delineation of data
point whiskers. At 60 min p.i., epiphyseal plates (purple line) and brain (blue line) show highest uptake. Yolk shows consistently low FDG uptake

over time.

adult organisms and thus being comparable only with
limitations to embryos development stages [26].

Out data show that glucose metabolism in the liver is lower
than in brain, kidneys and epiphyseal plates. In humans,
GLUTT1 is the main glucose transporter in fetal liver, ensuring
insulin-independent glucose uptake via placental circulation
[27], suggesting high glucose uptake. After birth and following
enteral feeding, GLUT1 is downregulated and GLUT?2 expression
gradually increases. Furthermore, gluconeogenesis and
glykogenolysis mature, stabilizing blood glucose levels [27].
Metabolic analyses of post-hatch chicken show early presence
of glycolysis and gluconeogenesis as well as reliance on amino
acids and fatty acids which are stored in the yolk, resembling the
processes that occur in mammals. After hatching, during a time
period of 20 days, metabolism changes in order to effectively
utilize fed nutrients () [28] and - as in mammals - GLUT?2 is also
expressed [29]. FDG-PET/CT show similar distribution patterns
in chicken embryos compared to the presented data [21].
Regarding ostriches, little is known about the embryonic
hepatic glucose metabolism but data derived from chicks and
adult ostriches show comparative blood glucose levels, increasing
with the individual’s age and development [30].

Tracer accumulation of FDG in epiphyseal plates is also
known from examinations in children and indicates high glucose

metabolism in sites of rapid bone growth with higher SUV-values
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for younger age groups [31, 32]. This has also been described for
in-ovo imaging using chicken embryos [21, 33].

Regarding PET/CT imaging in humans, recent technological
developments feature large scanners with multiple ring detectors
creating a long axial field of view (e.g, uEXPLORER, United
Quadra,
Healthineers). Liu et al. investigated normal biodistribution of
FDG in healthy volunteers using scanners of this type [34]. One
evident difference between humans and ostrich embryos is

Imaging Healthcare; Biograph  Vision Siemens

predominant tracer distribution within lung tissue during the
first 5 minutes, representing physiological blood flow in
pulmonary vascular system. Due to embryonic circulation
bypassing pulmonary vessels, lung tissue was not identified on
FDG-PET studies in ostrich embryos.

Notably, no individual showed myocardium uptake. Human
myocardium is known for variable inter- and intraindividual
FDG uptake, depending on the main source of energy supply at
the moment of FDG administration. As both fatty acids and
glucose are suitable as energy substrates for myocardium, both
metabolic states can be found in patients [35]. Insulin increases
cardiac FDG-uptake in mice [36] and humans [37]. Bencurova
et al. reported on biodistribution of FDG in chick embryos on
DD 16-18 describing little FDG uptake within the heart, however,
without exactly stating whether myocardium uptake or blood-
pool-activity was regarded as the source of tracer accumulation
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FIGURE 6

Patlak plots for six different organs (yolk, epiphyseal plates, brain, liver, muscle, kidney), derived from dynamic PET data using a blood-derived
input function. The x-axis represents the normalized integral of the input function, while the y-axis displays the normalized tissue concentration. For
each organ, linear regression was applied from t = 135 s onward, excluding the final time point (3600 s) to improve model robustness by reducing the

influence of potential noise and late-phase redistribution.

[33]. However, Souza et al. described variable cardiac FDG uptake
related to myocardium in a small study investigating adult parrots,
indicating variability in avian species [38]. Up to date, there are no
comparable cardiac imaging studies using FDG-PET/CT in chicken
or ostriches but Kutchai et al. described ex-vivo experiments
assessing high glucose uptake in chick embryos during early
development with decreasing uptake over time [39]. -This is
supported by autoradiography experiments by Kostreva who
investigated C-14-deoxyglucose chicken heart and stating high
glucose dependence of embryonic myocardium of different
species [40] More invasive experiments as conducted currently
could contribute to the understanding of ostrich embryo
myocardium uptake, i.e., co-injection of insulin or glucose.

Quantification

Visual description of FDG biodistribution is supported by
quantification using VOI-measurements in PET over time
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(Figures 5, 6) as well as ex-vivo measurements after organ

and a  well-

collection activity =~ measurement using
counter (Figure 7).

Tissue activity curves using the Patlak model provide an
approximation for tracer kinetics of various tissues and
compartments. High linearity was observed in brain and
epiphyseal plates (R*> > 0.98), indicating strong irreversible
tracer uptake and model conformity. The influx rate constant
Ki reflects organ-specific tracer accumulation rates, with the
kidney and liver showing higher Ki values, consistent with
their metabolic/excretory roles. The yolk and muscle curves
exhibited flatter slopes and lower R* values, suggesting limited
tracer trapping or predominantly reversible kinetics in
these tissues.

Organ time activity curves in humans show comparable
values to data obtained in ostrich embryos in this study
[41-43]. Two different ways are generally used for describing
radiopharmaceutical uptake in PET studies: IA%/g and SUV.

While IA%/g is independent from body weight and total volume,
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FIGURE 7

Comparison of in-vivo and ex-vivo measurements. Organ activity of different compartments and organs (yolk, blood, liver, kidney, brain) of
different ostrich embryos (isoflurane, n = 12), assessed via VOI measurements on PET/CT (left columns, without texture) 55 min p.i. and ex-vivo
measurements (right columns, with texture). Whiskers represent standard deviation. Data are expressed as relative organ activity per injected activity
(IA%/q). R-values were calculated using Spearman'’s Rho and p-values are < 0.0001 for all compartments and organs. As all R-values are > 0.8, a

very strong correlation is present between PET and ex-vivo measurements indicating sufficient reliability of PET quantification.

SUV uses body weight as a factor which allows for comparison of
species with different weight. Both methods bear advantages and
disadvantages that have to be considered when comparing FDG
uptake within different species. In this study, IA%/g was used for
data description as it is suitable for both PET and ex-vivo well
counter measurements, allowing direct comparison of both. Most
preclinical studies focus on IA%/g and ID%/g (relative injected
dose per mass), respectively [44, 45], and use these parameters for
imaging and ex-vivo well counter measurements as well. SUV is a
parameter commonly used in clinical routine to assess
radiopharmaceutical uptake in patients. It offers a sufficiently
robust, yet straightforward and reproducible method for
quantifying tracer accumulation, for example, in tumor
lesions [46, 47].

Rodent and in-ovo PET-imaging have been described to
show similar uptake of reference regions using PSMA-ligands
[48]. In order to contextualize the FDG-uptake values derived
from ostrich embryos and described in this study, Table 1 gives
an overview of data published on different species and FDG
normal distribution (Table 1). This data also supports visual
quantification in terms of soft tissue clearance: In ostrich
embryos, levels of F-18-FDG accumulation are similar for
liver and muscle tissue, whereas lower glucose metabolism is
described for rodent muscle tissue than for rodent liver tissue.
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Table 1 also indicates the need for careful interpretation of
activity quantification when species are compared because
both SUV and IA%/g show substantial differences (Table 1).

As quantification relies on successful intravenous application
of radiopharmaceuticals, special attention has to be paid to
paravasation which particularly influences PET quantification
in dynamic studies [17, 18, 70].

Effect of isoflurane

This study also assessed the effect of isoflurane on various
organs and compartments. No significant differences were found
for yolk, blood, muscle, liver, kidney, brain and epiphyseal plates.
This result was unexpected as isoflurane usually reduces brain
glucose metabolism and thus, FDG uptake, which has been
reported for mice and other mammals [71] and is also known
for PET examinations in humans after sedation [72]. Also,
changes in FDG-metabolism of other organs, e.g., liver,
kidneys and muscles have been reported after application of
isoflurane [54].Thus, the effect of isoflurane on glucose
metabolism of ostrich embryos as well as other anesthetic or
muscle relaxing agents needs to be further investigated. The
immobilization effect of isoflurane anesthesia on ostrich embryos
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FIGURE 8

Comparison of embryos with and without isoflurane exposure. Organ activity of different compartments and organs of different ostrich
embryos after exposure to isoflurane (left columns, dark-colored, n = 12) and without exposure to narcotic gases (right columns, light-colored, n =
4), assessed via VOI measurements on PET/CT 55 min p.i. Whiskers represent standard deviation. Data are expressed as relative organ activity per
injected activity (IA%/g). Using Shapiro-Wilk test and Kruskal-Wallice test, no significant differences were observed.

was not in the scope of this study and has been described
elsewhere [9, 14].

Limitations

This study has limitations that need to be considered when
interpreting the results. First, the number of ostrich embryos is
rather small (n = 16) and thus, quantification results are not as
reliable, limiting the statistical power of this study. The confidence
intervals of biodistribution data (Figures 5, 7) and comparison with a
control group (Figure 8) show high variation which could be
improved by including more individuals per group. Efforts have
to be made in order to increase artificial breeding success by early
dismissal of non-fertilized and bacterially infected eggs as well as
increasing the number of eggs orderd from the farm. Second,
dynamic data was evaluated only using VOI-measurement
technique in PET. Invasive arterial input functions were not
considered as it has not been established to draw arterial blood
in-ovo. Third, regarding reliability of PET-based quantification,
signal-to-noise ratio (SNR) was not quantitatively assessed. The
spatial resolution of the clinical PET/CT scanner (Biograph mCT 40;
FWHM 4.4 mm) used in this study is inherently limited compared
to small-animal systems (e.g, Siemens Inveon PET; FWHM
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1.2 mm), potentially introducing partial volume effects, especially
in small embryonal structures. This may have impacted
quantification accuracy in organs difficult to delineate (e.g.,
kidney). In order to verify correct PET quantification, VOI data
were compared to ex-vivo measurements, producing concordant
results (Figure 7). This leads to the conclusion that PET
quantification is sufficiently correct.

Fourth, direct comparison of ostrich embryo and similar-sized
established animal models using the same scanner was not
performed. This setup would allow for even more detailed
comparison of both imaging models. Fourth, although there are
numerous ostrich farms in Germany [12], ostriches lay eggs only
from April to September, which limits the availability to these
seasons. This represents a disadvantage compared to chicken
eggs which offer year-round access and has to be considered in
experiment planning. The use of eggs of other ratites (e.g., emu,
dromaius novohollandiae) might possibly overcome this availability
gap as they are available from December to March [12, 58].

Future direction and outlook

Despite the aforementioned limitations of this study and the
concept of in-ovo imaging using ostrich eggs, this approach has
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TABLE 1 Overview of FDG uptake in different organs and different species.

Animal model body weight Brain Muscle
organ reference reference organ reference
weight (g) weight (g)
Chicken embryo 60 g (egg) 089 g - 4-8 [18, 21, 06¢g - 4-8 [21, 50] - - 2.5 [21]
(in-ovo) 20 g (embryo) on 33, 49]
DD 18
Mouse 20-25¢g 05¢g 1.2 4-10 [41, 51-53] 15-3 g 0.5 1.0-4.1 [54-56] - 1.5 0.6-2.2 [54-56]
Rat 170 - 290 g 1.7-2.0 g 1.4-1.8 0.4 [43, 57, 58] 12-19 g 0.6-1.0 0.31 [59, 60] - 0.3 0.08 [61]
+/-0.16 +/-0.02
Ostrich embryo 1,200 g (egg) 3.7 +/- 04 43 0.29+/ This study 61+/-11g 2.8 0.20 This study - 24 0.2 This study
(in-ovo) 500 g (embryo) on +/- 1.3 - 0.07 +/- 0.5 +/— 0.04 +/- 0.4 +/—- 0.04
DD 37
Rabbit 2.5-5 kg 9¢g 1.8 0.01 [62, 63] 80 g 25 - [62, 63] 0.2 - [62, 63]
Miniature Pig 10-20 kg 100 g 11-3.1  0.03 [64, 65] 320g 115 B [64, 65 03 - [65]
Human 75 kg 1400 g 5-15 0.001-0.005 [41, 66] 1,500 g 2.0-2.4 - [67, 68] 0.4-1.4 - [69]

Abbreviations: DD, development day; SUV, standardized uptake value; IA-injected activity.
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the potential to be integrated into the landscape of preclinical
research, specifically imaging studies. Of course, the results
presented in this article need further investigation and
verification (e.g., blocking studies evaluating tracer uptake
specificity, sophisticated quantification using invasive
arterial input functions) as well as expanding the field of
application to other tracers. In order to be used in research
projects, the normal biodistribution described in this study is
not sufficient; thus, the development of disease models (e.g.,
tumor models, inflammation models) is crucial. This allows
for interventional studies, testing new radiopharmaceuticals
(aimed at tumor or inflammation) or anti-tumor (anti-

the
therapeutic effect by preclinical imaging, i.e., F-18-FDG-

inflammation) treatment agents and visualizing
PET/CT. In rodents, subcutaneous injection of substances
is well established and could be transferred to ostrich
embryos as well. These substances comprise tumor cells
(either tumor cell lines or patient-derived tumor cells or
organoids), inflammation agents (Carrageen, bacteria), and
more. Establishing tumor and inflammations models in
ostrich embryos requires several steps: First, it is
necessary to determine the best way to inject a substance
(i.e., tumor cells, inflammation agents) into the embryo
without harming vital structures, requiring visual
guidance (either via ultrasound or CT) and identification
of optimal injection site (i.e., subcutaneous, intraperitoneal,
yolk sac). Second, selection of optimal parameters
(concentration, incubation time) is crucial to grow tumors
and induce inflammation, respectively. Third, experiments
are necessary to prove adequate therapy response, e.g., the
size of a tumor in response to an established chemotherapy
protocol with a control group without antineoplastic
treatment. Regarding inflammation, response of a local
infection to an established antibiotic regimen should be
part of experiment planning. Fourth, appropriate PET
radiopharmaceuticals need to be selected for tumor
Ga-68-FAPI (fibroblast

protein inhibitor) targeting cancer associated fibroblasts)

imaging (FDG or activating
and inflammation imaging (FDG or Ga-68-Pentixafor
targeting chemokine signals (CXCL12/CXCR4 pathway),
respectively. This allows for assessing the therapeutic
effect via PET imaging.

In addition to utilizing the embryo as an experimental
model, CAM assays using chicken eggs is an established
alternative for animal testing, growing tumors and inducing
inflammation on this highly-vascularized biomembrane
[18-20]. Transfering this knowledge from chicken CAM to
ostrich CAM has already been reported [10]. Summarizing,
once disease models have been developed, preclinical imaging
using ostrich embryos might represent a contribution to 3-R-
principles the number of fully

reducing required

developed animals.
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Conclusions

This study describes PET imaging using ostrich embryos,
representing an alternative imaging model for preclinical
imaging. Normal biodistribution of F-18-FDG in ostrich
embryos using a standard PET/CT system for humans was
mainly found as expected with highest uptake in brain and
epiphyseal plates which is comparable to results on rodents
and chicken embryos. Isoflurane anesthesia was applied to
part of the individuals in order to reduce motion artifacts and
revealed no significant differences regarding organ uptake. The
results of this normal distribution study allow for interpretation
of future disease models (e.g., inflammation, tumor) in ostrich
embryos using FDG as radiopharmaceutical.
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Abstract

This study explored the association between inflammatory biomarkers—C-
reactive protein to albumin ratio (CAR), platelet to lymphocyte ratio (PLR),
and neutrophil to lymphocyte ratio (NLR)—and the prognosis of patients
with cardiogenic cerebral embolism (CCE). We retrospectively analyzed data
from 80 CCE patients diagnosed between June 2020 and June 2024,
categorizing them into favorable and unfavorable prognosis groups based
on outcomes such as death, recurrence, and disability. The CAR, PLR, and
NLR values were calculated from routine blood tests, and statistical analyses,
including Spearman correlation, multivariate logistic regression, and ROC curve
analysis, were performed to examine their prognostic significance. Results
showed that the unfavorable prognosis group had significantly higher CAR,
PLR, and NLR values compared to the favorable group (P < 0.05). Spearman
correlation analysis revealed positive associations between these biomarkers
and prognosis (r = 0.319 for CAR, 0.238 for PLR, 0.251 for NLR, all P < 0.05).
Multivariate analysis identified CAR and NLR as independent risk factors for
unfavorable prognosis (OR = 1.034 for CAR, OR = 3.887 for NLR). ROC analysis
determined optimal cutoff values for CAR (>0.74), PLR (>160.00), and NLR
(>3.53) to predict unfavorable prognosis with AUCs of 0.796, 0.694, and 0.705,
respectively. The combined biomarker test yielded an AUC of 0.899. Kaplan-
Meier survival analysis indicated significantly lower survival rates for patients
with higher levels of CAR, PLR, and NLR (P < 0.05). In conclusion, elevated CAR,
PLR, and NLR are reliable indicators of a poor prognosis in CCE patients.
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Cardiac cerebral embolism (CCE) is a serious cerebrovascular disease characterized by the detachment of blood clots from the heart. This study
collected clinical data from 80 CCE patients for analysis and found that 18 cases experienced adverse prognostic events (including death, recurrence,
or severe disability) within 6 months of follow-up, with an incidence rate of 22.5%. Through in-depth analysis, it was found that CAR, PLR, and NLR are
closely related to the prognosis of CCE patients. Therefore, this study suggests that CAR, PLR, and NLR, as easily obtainable biomarkers of
inflammatory response in routine clinical practice, combined detection can help identify high-risk CCE patients early and provide important basis for

clinical decision-making.

Impact statement

In recent years, inflammatory biomarkers such as the C-
reactive protein to albumin ratio (CAR), platelet to lymphocyte
ratio (PLR), and neutrophil to lymphocyte ratio (NLR) have been
utilized in the prognostic assessment of various diseases. This
study aimed to examine the correlation between CAR, PLR, and
NLR, and the prognosis of patients with cardiogenic cerebral
embolism (CCE), as well as to evaluate their potential as
prognostic predictors.

Introduction

(CCE) is a
cerebrovascular condition characterized by the dislodgment of

Cardiac cerebral embolism significant
thrombus from the heart. This thrombus can enter the brain via
the bloodstream, leading to the obstruction of cerebral blood
vessels, which subsequently results in neurological dysfunction,
including symptoms such as limb weakness and slurred speech.
In severe cases, this condition may lead to permanent
Globally, CCE account for
approximately 15%-30% of ischemic strokes and are typically
associated with higher morbidity, disability, and mortality rates,
posing a significant threat to the lives and health of patients [2].

Consequently, the early identification of high-risk factors for

neurological impairment [I].

CCE and timely intervention hold critical clinical importance for
enhancing patient prognosis.

Brain natriuretic peptide (BNP) and D-dimer are widely
utilized biomarkers for diagnosing and monitoring treatment
responses in patients with CCE. These biomarkers have been
endorsed by authoritative organizations, including the
European Society of Cardiology and the American Society
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of Hematology [3, 4]. However, the high costs associated with
BNP and D-dimer testing, coupled with limited availability in
some primary medical institutions, underscore the necessity
of

predictive indicators. In recent years, an increasing number

identifying more economical and straightforward
of studies have focused on the potential role of inflammatory
markers in CCE. Specifically, the C-reactive protein to
albumin ratio (CAR), platelet to lymphocyte ratio (PLR),
and neutrophil to lymphocyte ratio (NLR) are gaining
recognition as promising new biomarkers.

The CAR serves as a comprehensive indicator of both
inflammation and nutritional status. An elevation in CAR
reflects the body’s inflammatory response and malnutrition,
and is associated with poor prognoses in various diseases,
including cardiovascular disorders and tumors [5, 6]. In cases
of CCE, elevated CAR may indicate more severe cerebrovascular
injury and a heightened inflammatory response, both of which
are closely linked to poor outcomes. The platelet-to-lymphocyte
ratio (PLR) and neutrophil-to-lymphocyte ratio (NLR) are
additional indicators that reflect the body’s inflammatory and
immune status; their variations may also be significantly related
to the occurrence and progression of CCE. An increase in PLR
suggests that the body is experiencing inflammation [7], while an
increase in NLR indicates an enhanced inflammatory response
mediated by neutrophils, coupled with a diminished immune
response mediated by lymphocytes [8], This state of immune
imbalance may facilitate the formation and shedding of thrombi,
thereby elevating the risk of CCE. Therefore, the purpose of this
study is to explore the correlation between the levels of the three
inflammatory markers, CAR, PLR, and NLR, and the prognosis
in patients with CCE. It is hoped that this research can provide
new reference criteria for early warning, condition assessment,
and prognostic judgment of CCE.
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Exclusion criteria:

(1) Patients with bleeding or bleeding tendencies (N=3);

(2) Patients with organ dysfunction, failure, or diabetes (N=3);

(3) Patients with early, large anterior circulation infarction on head CT (N=5)
(4) Patients with recent major surgery, trauma, or infection (N=7);

(5) Patients with incomplete clinical data (N=4);

(6) Patients withdrew and did not cooperate (N=6).

Inclusion of patients
N=80

v

Favorable prognosis group
(n=62)

[

l

unfavorable prognosis group
(n=18)

I

predicting the prognosis of patients with CCE.

(1) Multifactor logistic regression, Spearman correlation, and ROC curve analyses evaluate the CAR, PLR, and NLR in

(2) Based on the Youden's index, determine the optimal cutoff value to categorize patients into high-level and low-level

groups. Then, use Kaplan-Meier survival analysis to compare the prognostic differen CCE between the two groups.

FIGURE 1
Research technology roadmap.

Materials and methods
Study method and object

A total of 108 CCE patients treated at our hospital from June
2020 to June 2024 were considered for this study, from which
80 patients were selected as research subjects based on predefined
inclusion and exclusion criteria. The research flow chart is presented
in Figure 1. Subsequently, patients were categorized into two groups
based on the occurrence of adverse prognostic events (such as death,
recurrence, or severe disability) during hospitalization and within a
6-month follow-up period post-discharge: a favorable prognosis
group and a unfavorable prognosis group. Among them, severe
disability is defined as; Major body organ defects, obvious organ
body
complications, etc. The favorable prognosis group consisted of

deformities, moderate organ dysfunction, serious
patients who did not experience any of the aforementioned
adverse events during hospitalization or within the 6-month
follow-up period; conversely, the unfavorable prognosis group
included patients who experienced any adverse prognostic events
during this timeframe. All enrolled patients provided informed
consent, and this study received approval from Fuwai Central
China Cardiovascular Hospital Ethics Committee. (No. 2020-05).

Inclusion criteria: (1) The patient meets the diagnostic criteria

for CCE [9]; (2) The patient is diagnosed with CCE through
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examinations such as head CT, magnetic resonance imaging
(MRI), echocardiography, etc; (3) The patient’s baseline National
Institutes of Health Stroke Scale (NIHSS) score is >6 points; (4)
Patients must have complete clinical data and follow-up data.

Exclusion criteria: (1) Patients with active bleeding or known
bleeding tendencies; (2) Patients with significant organ
dysfunction or failure, or severe diabetes; (3) Patients whose
head CT indicates early and extensive infarction in the anterior
circulation, specifically those exceeding one-third of the middle
cerebral artery blood supply area; (4) Patients with a history of
major surgery, trauma, or infection within the past 2 months; (5)
Patients who refuse to participate in this study or who are unable
to complete follow-up assessments.

Methods
The general clinical data of all patients were retrospectively
collected, encompassing age, gender, height, history of

hypertension, diabetes, hyperlipidemia, smoking history, drinking
history, the presence of congestive heart failure (CHF), and the
NIHSS score recorded upon admission. Additionally, 5 mL of fasting
venous blood was collected from each patient within 24 h of
admission, which was then centrifuged at 4°C at 3,000 rpm for
30 min to obtain serum samples. These samples were subsequently

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10517

Du et al.

sent to our hospital’s laboratory department for routine blood count
and blood cell calculation. All patients received standardized
treatments, including intravenous thrombolysis, anticoagulation,
anti-platelet aggregation, lipid regulation and plaque stabilization,
as well as management of blood pressure and blood sugar levels,
neuronutrition, and symptomatic supportive care. Clinical outcomes
were assessed through telephone follow-up or outpatient review
within 3 months post-discharge, focusing on adverse prognostic
events such as death, recurrence, or severe disability.

Routine blood test

Utilizing an automatic biochemical analyzer (model
GS480Plus, manufactured by Shenzhen Jinrui Biotechnologies
Co., Ltd., registration number 20162220670), we analyzed the
levels of uric acid (UA), homocysteine (HCY), creatinine (Cr),
triglyceride (TG), low-density lipoprotein (LDL-C), and high-
density lipoprotein (HDL-C). Furthermore, the concentrations
of serum albumin (ALB) and C-reactive protein (CRP) were
assessed via immunoturbidimetry. Subsequently, the CAR was

computed based on these measurements.

Blood cell count

Using an automatic blood cell analyzer (manufacturer:
Shenzhen Pukang Electronics Co., Ltd; model: PE-7000;
registration number: 20182220948), we determined the counts
of neutrophils, lymphocytes, and platelets. Additionally, we
calculated the NLR and the PLR based on these counts.

Statistical treatment

Data analysis was performed using SPSS 26.0 software.
Normality tests
Normally distributed continuous data were presented as mean +

were conducted on continuous variables.

standard deviation, and t-tests were used for intergroup comparisons.
Categorical data were expressed as counts and percentages, and *
tests were applied for intergroup comparisons. Multivariate logistic
regression analysis was utilized to identify factors influencing the
prognosis of CCE patients, with significant variables serving as
independent variables and patient prognosis as the dependent
variable, to evaluate the predictive power of these factors for
prognosis. Moreover, Spearman’s rank correlation analysis was
conducted to assess the correlation between each variable and
patient prognosis. Receiver operating characteristic (ROC) curves
were generated, and the area under the curve (AUC) and Youden’s
index were calculated to further validate the predictive performance
of CAR, PLR, and NLR, both individually and in combination, for the
prognosis of CCE patients. Optimal cut-off values were determined
based on Youden’s index, and patients were categorized into high-
level and low-level groups. Kaplan-Meier survival analysis was
subsequently employed to compare the prognostic differences
between these groups. A P-value of less than 0.05 was deemed to
indicate statistical significance.
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Results
Patient characteristics

A total of 80 CCE patients were included in the study, of whom
18 experienced adverse prognostic events (including death,
recurrence, or severe disability) within 6 months of follow-up
and were classified as the unfavorable prognosis group. The
remaining 62 patients were classified as the favorable prognosis
group. The baseline characteristics of the two patient groups are
detailed in Table 1. In the unfavorable prognosis group, the average
age of patients and the NIHSS score were higher, and the
proportion of patients with hypertension and congestive heart
failure was also greater than that in the favorable prognosis group,
with these differences reaching statistical significance (P > 0.05).

Laboratory indicators

Further analysis of the laboratory indicators for the two
patient groups revealed that the values of CAR, PLR, and
NLR in the unfavorable prognosis group were significantly
higher than those in the favorable prognosis group, with the
differences being statistically significant (P < 0.05), as shown in
Table 2.

Correlation analysis of adverse prognosis
in patients with CCE

Pearson’s correlation analysis revealed that age, NIHSS score,
hypertension, congestive heart failure, CAR, PLR, and NLR were
significantly associated with unfavorable prognosis in patients.
Specifically, age, NIHSS score, and increases in CAR, PLR, and
NLR demonstrated
prognosis, with correlation coefficients of r = 0.304, 0.274,
0.319, 0.238, and 0.251, respectively (P < 0.05). Additionally,
patients with both hypertension and congestive heart failure

strong correlations with unfavorable

exhibited a significantly elevated risk of adverse prognosis, with
correlation coefficients of r = 0.283 and 0.306 (P < 0.05), as shown
in Table 3.

Multivariate logistic regression analysis of
factors affecting adverse prognosis in
patients with CCE

In order to pinpoint the independent risk factors for unfavorable
outcomes in patients with CCE, a multivariate logistic regression
analysis was performed. Variables that exhibited significant differences
in the univariate analysis, including age, NIHSS score, hypertension,
congestive heart failure, CAR, PLR, and NLR, were incorporated into
the multivariate logistic regression model. The analysis revealed that
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TABLE 1 Comparison of baseline characteristics between the two patient groups.

Characteristics Favorable prognosis group (n = 18) Unfavorable prognosis group (n = 62)
Age 52.00 + 8.20 45.76 + 8.29 0.006
Sex Man 11 (61.11) 48 (77.42) 0.166
‘Woman 7 (38.89) 14 (22.58)
Hypertension Yes 8 (44.44) 10 (16.13) 0.011
Deny 10 (55.56) 52 (83.87)
Diabetes mellitus Yes 4 (22.22) 7 (11.29) 0.236
Deny 14 (77.78) 55 (88.71)
Hyperlipemia Yes 5 (27.78) 15 (24.19) 0.757
Deny 13 (72.22) 47 (75.81)
History of smoking Yes 6 (33.33) 16 (25.81) 0.529
Deny 12 (66.67) 46 (74.19)
History of drinking Yes 5(27.78) 25 (40.32) 0.333
Deny 13 (72.22) 37 (59.68)
CHF Yes 8 (44.44) 9 (14.52) 0.006
Deny 10 (55.56) 53 (85.48)
NIHSS score at admission 15.83 + 3.82 13.42 + 3.50 0.014

Note: Measurement data in normal distribution in x * s, t-test for comparison between groups; count data in n and% for x’checkout.CHF, Congestive heart failure; NIHSS, national
institutes of health stroke scale.

TABLE 2 Comparison of the experimental indicators between the two patient groups.

Characteristics Favorable prognosis group (n = 18) Unfavorable prognosis group (n = 62)

Neutrophil count (10°/L) 7.18 + 097 6.74 + 0.92 0.077
Lymphocyte count (10°/L) 1.41 +0.32 1.68 + 0.56 0.050
Platelet count (10°/L) 227.94 + 16.54 216.84 + 21.98 0.051
C-reactive protein (mg/L) 2232 + 6.76 25.95 + 6.87 0.051
ALB (g/L) 38.07 + 7.62 33.88 + 8.34 0.059
CAR 0.80 + 026 0.60 + 0.21 0.004
PLR 170.02 + 38.00 14321 + 4832 0.034
NLR 4.62 (3.78, 5.84) 3.09 (2.38, 5.23) 0.008
UA (pmol/L) 305.34 + 24.09 314.35 + 26.31 0.197
HCY(umol/L) 13.58 + 3.15 13.08 + 2.98 0.534
Cr (pmol/L) 65.66 + 4.81 66.42 + 5.04 0.570
TG (mmol/L) 1.48 £ 0.38 1.48 +0.38 0.960
LDL (mmol/L) 2.88 +0.76 2.67 + 0.60 0.234
HDL (mmol/L) 1.10 £ 0.25 1.17 £ 0.30 0347

Note: Measurement data conform to normal distribution are expressed as x s, t-test for comparison between groups; measurement data are not normally distributed as [M (P55, P75)],
non-parametric rank sum test; count data are presented as n and%, x’checkout.CAR, C-reactive protein to albumin ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio; UA, uric acid; HCY, Homocysteine; Cr, Creatinine; TG, Triglyceride; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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TABLE 3 Association with unfavorable prognosis in patients with CES.

Project Statistical value Age NIHSS grade Hypertension CHF CAR PLR
prognosis r 0304 0274 0283 0.306 0319 0238 0251
p 0.006 0.014 0.011 0.006 0.004 0.034 0.024

Note: NIHSS, national institutes of health stroke scale; CHF, Congestive heart failure; CAR, C-reactive protein to albumin ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio.

TABLE 4 Multifactor logistic analysis of adverse prognosis in patients with CCE.

Variable B SE Waldy? P OR (95%CI)

Age 0.091 0.035 6.640 0.010 1.095 (1.022-1.173)
NIHSS score at admission 0.279 0.136 4.209 0.040 1.321 (1.013-1.725)
Hypertension 1.455 0.955 2.321 0.128 4.283 (0.659-27.827)
CHF 0.489 1.028 0.226 0.634 1.631 (0.218-12.221)
CAR 0.033 0.016 4.338 0.037 1.034 (1.002-1.067)
PLR 0.016 0.009 2.959 0.085 1.016 (0.998-1.034)
NLR 1.358 0.616 4.861 0.027 3.887 (1.163-12.993)

Note: NIHSS, national institutes of health stroke scale; CHF, Congestive heart failure; CAR, C-reactive protein to albumin ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio.

age (OR = 1.095, 95% CI: 1.022-1.173, P = 0.010), NIHSS score (OR = Kaplan-Meier survival analysis of CAR,

1321, 95% CI: 1.013-1.725, P = 0.040), CAR (OR = 1.034, 95% CIL: PLR, and NLR levels on the prognosis of

1.002-1.067, P = 0.037), and NLR (OR = 3.887, 95% CI: 1.163-12.993, CCE patients

P = 0.027), are independent predictors of adverse outcomes in CCE

patients. For more detailed information, refer to Table 4. According to the Youden index, the optimal cutoff values for
CAR, PLR, and NLR are 0.74, 160.00, and 3.53, respectively. The
CAR, PLR, and NLR levels were categorized into two groups:

ROC curve analysis of factors affecting high-level and low-level. Kaplan-Meier survival analysis was
unfavorable prognosis in patients employed to compare the prognostic differences between these
with CCE two patient groups. The results indicated that the survival rates of

patients in the high-level CAR group (>0.74), high-level PLR
To further evaluate the predictive power of the aforementioned group (>160.00), and high-level NLR group (>3.53) were

variables for the prognosis of CCE patients, a ROC curve analysis significantly lower than those in the low-level group, with the
was conducted. The results indicated that age, NIHSS score at differences between the two groups being statistically significant
admission, CAR, PLR, and NLR possess significant predictive (P < 0.05), as shown in Figure 3.

capabilities for adverse outcomes in CCE patients, as detailed in
Table 5 (P < 0.05). Specifically, the AUC values for age, NIHSS
score at admission, CAR, PLR, and NLR were 0.707, 0.737, Discussion
0.796, 0.694, and 0.705, respectively, each demonstrating

notable predictive value, as illustrated in Figure 2. Notably, CCE is characterized by inadequate cerebral blood perfusion
CAR exhibited the highest AUC, signifying its superior due to cardiogenic factors, including atrial fibrillation,
predictive efficacy for adverse outcomes in CCE patients. myocardial infarction, and valvular heart disease. These
Further analysis revealed that the combined use of CAR, factors can lead to brain tissue damage resulting from
PLR, and NLR resulted in an elevated AUC value of 0.889 ischemia, hypoxia, and, in severe cases, necrosis. The disease
(95% CI: 0.792-0.986, P < 0.05), accompanied by relatively high is marked by sudden onset and rapid progression, making early
sensitivity and specificity of 93.5% and 77.8%, respectively. This diagnosis and intervention essential to minimize disability and
finding underscores that the joint predictive application of mortality rates among patients [10]. Furthermore, inflammation
CAR, PLR, and NLR can significantly enhance the precision plays a significant role in the onset and progression of CCE.
of prognostic predictions for CCE patients. Inflammatory mediators, such as cytokines, chemokines, and
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TABLE 5 ROC curve analysis of factors affecting adverse prognosis in patients with CCE.

Variable AUC SE P 95% CI Sensitivity (%) Specificity (%) Youden’s index
Age 0.707 0.076 0.008 0.559-0.855 50.0 87.1 0.371
NIHSS score at admission 0.737 0.070 0.002 0.599-0.875 88.7 50.0 0.387
hypertension 0.642 0.079 0.069 0.486-0.797 83.9 44.4 0.283
CHF 0.650 0.079 0.054 0.494-0.805 85.5 44.4 0.299
CAR 0.796 0.053 <0.001 0.692-0.899 71.0 83.3 0.543
PLR 0.694 0.064 0.013 0.569-0.819 66.7 71.0 0.377
NLR 0.705 0.085 0.008 0.538-0.871 823 66.7 0.490
CAR + PLR + NLR 0.889 0.050 <0.001 0.792-0.986 93.5 77.8 0.713

Note: NIHSS, national institutes of health stroke scale; CHF, Congestive heart failure; CAR, C-reactive protein to albumin ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio.

adhesion molecules, can damage vascular endothelial cells, crucial indicator for assessing patient outcomes. A higher
thereby promoting thrombosis [11]. The inflammatory NIHSS score signifies more severe neurological deficits,
response may also activate platelets and the coagulation which are typically associated with poorer prognoses [15].
system, increasing blood coagulability and exacerbating the In addition, patients with hypertension or congestive heart
ischemic and hypoxic conditions of brain tissue [12]. failure experience a significant decline in heart function,
Consequently, in clinical practice, the condition and prognosis which elevates the risk of developing heart disease and
of CCE patients can be assessed by monitoring changes in associated complications, such as coronary artery disease
inflammatory indicators. This study focuses on easily and diabetes, thereby increasing the likelihood of adverse
accessible and straightforward experimental indicators, such as outcomes. In the experimental indicators, the values of
the CAR, PLR, and NLR, to investigate the correlation between CAR, PLR, and NLR in the unfavorable prognosis group
these inflammatory markers and the prognosis of CCE patients. were significantly higher than those in the favorable

The results of this study showed that of the 80 patients prognosis group, demonstrating a notable positive
with CES, 18 experienced adverse outcome events (including correlation with unfavorable prognosis (r = 0.006, 0.004,
death, recurrence or severe disability) within 6 months of and 0.034). These findings align with previous studies [16],
follow-up, and the incidence of adverse outcome events was suggesting that these inflammatory indicators possess
22.5%. Studies show that the in-hospital mortality rate in substantial predictive value concerning the prognosis of CES.
patients with CES is 27.3% [13], This data closely aligns with CAR is the ratio of CRP to ALB, which reflects, to some
the incidence of adverse prognostic events observed in this extent, the balance between the body’s inflammatory response
study, thereby reinforcing the high-risk nature of CES and nutritional status. CRP, an acute-phase response protein,
patients. The clinical data and experimental indicators of typically exhibits elevated levels during an inflammatory
patients categorized into unfavorable and favorable response in the body [17]. While ALB acts as a negative
prognosis groups were analyzed in depth. The analysis acute phase reactant, its reduced levels may reflect protein
revealed that the mean age, NIHSS score at admission, and loss due to the poor nutritional status of the organism or the
the proportion of patients with combined hypertension and presence of an inflammatory response [18]. Consequently, an
congestive heart failure were significantly higher in the increase in CAR levels may signify an exacerbation of the
unfavorable prognosis group compared to those in the inflammatory response and suggest a deterioration in the
favorable prognosis group. Notably, among patients with patient’s nutritional status. Relevant studies suggest that
acute ischemic stroke (AIS), the mean age in the CAR is more effective in indicating inflammatory status
unfavorable prognosis group was 74.00 years, whereas it than CRP or albumin alone [19]. Yu et al. [20] found that
was only 66.00 years in the favorable prognosis group [14]. in patients with acute ischemic cerebral infarction (AIS), the
Elderly patients often experience physiological decline and a CAR is associated with adverse clinical manifestations of AIS,
reduction in metabolic rate, among other factors, which with patients exhibiting high CAR values experiencing higher
contribute to their relatively weak resistance to diseases and mortality rates. This finding is consistent with the results of
diminished rehabilitation capabilities. Consequently, this the current study. Furthermore, this study confirmed that
increases the likelihood of unfavorable prognoses. CAR is a significant factor influencing the poor prognosis of
Additionally, the NIHS) score upon admission serves as a patients with CCE through multifactorial logistic regression
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FIGURE 2

ROC curve analysis affecting the prognosis of CCE patients.
Note: NIHSS, national institutes of health stroke scale; CHF,
Congestive heart failure; CAR, C-reactive protein to albumin ratio;
NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio. (A) The AUC of age, (B) The AUC of NIHSS, (C)
The AUC of hypertension, (D) The AUC of CHF, (E) The AUC of
CAR, (F) The AUC of PLR, (G) The AUC of NLR, (H) The AUC

of CAR+PLR+NLR.

analysis and ROC curve analysis. Specifically, the odds ratio
(OR) for CAR was 1.034 (95% CI: 1.002-1.067), and the AUC
reached 0.796, indicating that CAR possesses a high predictive
value in CCE. Additionally, Kaplan-Meier survival analysis
demonstrated that the survival time of patients with a CAR
value greater than 0.74 was significantly shorter than that of
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patients with lower CAR values, further underscoring the
importance of CAR in the of
CCE patients.

Similarly, elevated NLR and PLR values are recognized as

assessing prognosis

independent risk factors for poor prognosis in various
cardiovascular diseases [21]. PLR, which reflects the ratio of
platelets to lymphocytes, serves as a comprehensive indicator of
platelet activation and immune status. The activation of platelets
plays a crucial role in thrombosis, while lymphocytes are integral
to the body’s immune response [22, 23]. An elevated PLR may
indicate that the body is experiencing an inflammatory response
or is in an environment conducive to thrombosis. In the
multivariate logistic regression analysis conducted in this
study, the OR for PLR was found to be 1.016 (95% CI:
0.998-1.034), although this did not
significance. This finding aligns with the results reported by
Vakhshoori et al. [24]. While Zhai et al [25] posited that the
platelet-to-lymphocyte ratio (PLR) serves as an independent

achieve statistical

predictor of in-hospital mortality among patients in the
cardiac intensive care unit (CICU). An increase in PLR is
significantly associated with higher in-hospital mortality rates,
as well as prolonged lengths of stay in both the CICU and the
hospital. Subsequent ROC curve analysis yielded an AUC value
of 0.694, suggesting that PLR possesses a moderate predictive
capability regarding poor prognosis in patients with CCE, albeit
slightly inferior to that of the CAR. This discrepancy may be
attributed to the intricate pathophysiological mechanisms
underlying CCE, including factors such as the nature, size,
and location of emboli, as well as the patient’s underlying
conditions and immune status. Furthermore, patients with
CCE frequently present with multiple comorbidities, such as
hypertension and diabetes, which could influence PLR levels and
thereby confound its direct association with mortality risk.
Consequently, future research should involve larger sample
sizes, extended follow-up durations, and more stringent
statistical methodologies to further investigate the prognostic
value of PLR in CCE. Additionally, integrating other
(eg, CAR, NLR)
indicators may enhance the accuracy of prognostic assessments.

inflammatory  markers and clinical

NLR serves as a biomarker for inflammatory status.
Following the occurrence of CCE, neutrophils are rapidly
recruited to the ischemic injury site to participate in the
inflammatory response, resulting in a significant increase in
their numbers. Concurrently, the number of lymphocytes may
decrease due to factors such as the stress response, leading to
an elevated NLR and an increased risk of poor prognosis [26].
This result is consistent with previous studies [24, 27], which
all confirmed the important value of NLR in the prognosis
evaluation of cardiovascular diseases. The normal NLR range
is typically 1 to 2. Values above 3.0 or below 0.7 may indicate
pathology. Previous studies have confirmed the prognostic
significance of NLR in cardiovascular disease [28]. Quan et al.
[29] included 590 patients with acute ischemic stroke and
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found that an elevated NLR of 3.872 serves as a predictive
indicator for malignant hemorrhagic transformation, poor
functional outcomes, and short-term mortality. In our
study, a similar finding was observed, with an increased
mortality rate among CCE patients when NLR exceeded
3.5. This finding corroborates the reliability of NLR as a
prognostic tool for CCE patients. Moreover, our study
revealed that the combined detection of CAR, PLR, and
NLR may further enhance the predictive accuracy for the
prognosis of CCE patients. Although each individual marker
has demonstrated certain predictive efficacy, the integration
of multiple indicators allows for a comprehensive assessment
of the body’s inflammatory response, coagulation status, and
immune condition, thereby providing a more holistic
evaluation of patient prognosis. Therefore, in future clinical
practice, we propose considering the combined detection of
CAR, PLR, and NLR as an important means of prognostic
assessment for CCE patients. This approach is expected to
further improve treatment outcomes and quality of life for
these patients.

In summary, the CAR, PLR, and NLR are biomarkers of
inflammatory response that can be easily obtained in routine
clinical practice. When used in combination, their detection can
facilitate the early identification of high-risk patients with CCE
and provide a crucial basis for clinical decision-making.
Although this study yielded meaningful findings, several
limitations must be acknowledged. First, the study was
retrospective, conducted at a single center, and involved a
small sample size, which may introduce selection bias and
reporting bias. Secondly, the follow-up period was relatively
short and may not adequately reflect the long-term prognosis
of the patients. Finally, due to the limitations of retrospective
studies, the influencing factors that can be collected in this study
are limited, and there is a lack of analysis on factors such as
treatment changes, admission time, or stroke severity beyond
NIHSS scores. Therefore, future research should involve larger-
scale, multi-center, prospective studies to further validate the
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prognostic value of these inflammatory markers in CCE.
Additionally, it is essential to explore other factors that may
influence prognosis in order to provide patients with a more
comprehensive and accurate assessment and treatment strategy.
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Abstract

As an inflammatory disease, atherosclerosis is associated with acute ischemic
stroke (AIS), but its early identification and intervention efficacy remain
suboptimal. A new research direction may be to explore peripheral
atherosclerotic  biomarkers from the perspective of mitochondrial
dysfunction, which can induce inflammatory cell activation. Moreover, the
degree of overall cervicocephalic atherosclerosis (namely, atherosclerotic
burden) is more closely related to AIS prognosis than local atherosclerotic
lesions. Therefore, this study investigated the relationship between
mitochondrial dysfunction in peripheral blood mononuclear cells (PBMCs),
including monocytes and lymphocytes, and overall cervicocephalic
atherosclerotic burden and AIS outcome. Patients with AIS and
cervicocephalic atherosclerosis were enrolled and followed up for 90 days.
The reactive oxygen species (ROS) and the mitochondrial deoxyribonucleic acid
copy number (MtDNA-CN) in PBMCs were measured respectively through a
fluorescence probe and a droplet digital polymerase chain reaction to evaluate
mitochondrial function. The overall intracranial and cervical atherosclerotic
burden (ICAB) was quantified by summing up the atherosclerosis degree points
in each arterial segment as assessed by computed tomography angiography. A
modified Rankin Scale (mRS) score >2 was considered a 90-day unfavorable
functional outcome. Five (4.9%) of the 103 patients with AIS were lost to follow-
up. mtDNA-CN [adjusted B = —0.099, 95% confidence intervals (Cls) = —=0.153
~ —0.044, p < 0.001] and ROS content (adjusted p = 1.275, 95%Cl = 0.885 ~
1.665, p < 0.001) were correlated with ICAB. The risk of a 90-day unfavorable
functional outcome increased with higher ROS content [adjusted odds ratio
(OR) = 1.523, 95%Cl = 1.172 ~ 1.981, p = 0.002] and decreased with higher
mtDNA-CN (adjusted OR = 0.911, 95%CIl = 0.850 ~ 0.976, p = 0.008). PBMC
mitochondrial dysfunction was found to be independently associated with
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extensive and severe cervicocephalic atherosclerosis and a 90-day unfavorable
functional outcome in patients with AIS, which may provide a novel
approach to improving the early identification and risk stratification of

cervicocephalic atherosclerosis,

along with the prediction of the

outcome of atherosclerotic AlS.

KEYWORDS

atherosclerosis, mitochondrial deoxyribonucleic acid copy number, reactive oxygen
species, peripheral blood mononuclear cells, acute ischemic stroke

Impact statement

As a chronic progressive inflammatory disease, atherosclerosis
is a primary etiology of acute ischemic stroke (AIS), but its early
identification and intervention efficacy remain suboptimal. It may
be a breakthrough to explore peripheral atherosclerotic biomarkers
from the perspective of inflammatory cells mitochondrial
dysfunction. the
atherosclerosis degree is more closely related to AIS prognosis

Moreover, overall cervicocephalic
than the presence of local atherosclerotic lesion. Thus, we
the

cells

investigated relationship  between
(PBMC) mitochondrial  dysfunction

(mitochondrial deoxyribonucleic acid copy number reduction

peripheral  blood

mononuclear

and reactive oxygen species overexpression) and intracranial
(ICAB). PBMC
mitochondrial dysfunction was found to be independently

and cervical atherosclerotic ~ burden

associated  with  extensive and severe cervicocephalic
atherosclerosis (high ICAB) and poor short-term functional
outcome in AIS patients with cervicocephalic atherosclerosis.
These findings may provide a feasible new approach to
improve the identification and risk stratification of total
cervicocephalic atherosclerosis degree and functional prognosis

prediction of atherosclerotic AIS patients.

Introduction

Atherosclerosis is the primary cause of acute ischemic
stroke (AIS) [1] and is closely correlated with AIS prognosis
2, 3l the of the
atherosclerosis degree for timely and appropriate prevention

necessitating early identification
and treatment. Despite the existence of various risk factors and
biomarkers, the efficacy of early identification and intervention
of atherosclerosis has not been optimal [4]. This highlights the
clinical need to explore specific and easily accessible biomarkers
associated with atherosclerosis from a novel perspective, to
improve risk stratification and facilitate early prevention
and treatment.

The initiation and progression of atherosclerosis are
associated with cell death, oxidative metabolism, inflammatory
cell activation state, and mitochondrial dysfunction [5-8].
Mitochondrial dysfunction is commonly reflected by a
reduction

in mitochondrial deoxyribonucleic acid copy
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number (mtDNA-CN) and an overexpression of reactive
oxygen species (ROS) in clinical research [9-16]. It has been
reported that there is less mtDNA-CN and more ROS content
in aortic and carotid atherosclerotic plaques compared to
[17, 18].
mitochondrial function in plaque is difficult in clinical

normal artery walls However, assessing
settings because of the invasive nature of obtaining plaque
by endarterectomy. Monocytes and lymphocytes, collectively
referred to as peripheral blood mononuclear cells (PBMCs), are
the major inflammatory cells involved in atherosclerosis [1], and
they can be easily isolated from peripheral blood. A previous study
suggested that mitochondrial dysfunction in peripheral blood
inflammatory cells may correspond to that in atherosclerotic
plaques [19]. However, there is still a lack of studies on the
correlation between PBMC mitochondrial dysfunction and
cervicocephalic atherosclerosis. Moreover, because of the systemic
nature of atherosclerosis, local atherosclerotic plaque or single-artery
stenosis does not accurately reflect the overall degree of
atherosclerosis. Thus, further investigation is needed to explore
the relationship between PBMC mitochondrial dysfunction and
the overall degree of cervicocephalic atherosclerosis. In addition,
previous studies have shown that lower mtDNA-CN is associated
with a poor prognosis for stroke patients (including those with
ischemic and hemorrhagic stroke) [15], but there are currently no
related studies on mtDNA-CN or ROS content in PBMCs and
functional outcomes in ischemic stroke patients, especially those
with cervicocephalic atherosclerosis.

In previous studies, real-time quantitative polymerase chain
reaction (QPCR) was used to detect mtDNA-CN [20-22]. Droplet
digital polymerase chain reaction (ddPCR) is a new method
developed in recent years that has the characteristics of absolute
quantification and accurate analysis [23], and is superior to previous
methods. In this study, ddPCR was used for the first time to measure
mtDNA-CN in PBMCs and investigate its relationship with

cervicocephalic  atherosclerosis. ROS  content is usually
determined using a fluorescent probe. In addition, intracranial
and cervical atherosclerotic burden (ICAB), as a new

atherosclerosis assessment index, can quantify the degree and
extent of cervicocephalic atherosclerosis as a whole. Our recent
study showed that this indicator has a stronger vascular risk
stratification value than regional atherosclerosis assessment [24].
In this study, mtDNA-CN, ROS content, ICAB and a modified
Rankin Scale (mRS) were used to investigate the correlation between
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PBMC mitochondrial dysfunction and the overall degree of
cervicocephalic atherosclerosis, along with the poor short-term
functional prognosis of patients with AIS, in order to provide a
new way for improving the early identification and risk stratification
of cervicocephalic atherosclerosis in addition to the functional
prognosis prediction of patients with AIS with cervicocephalic
atherosclerosis.

Materials and methods
Study population

This single-center, prospective cohort study was performed
in accordance with the Declaration of Helsinki, and was
approved by the Ethics Committee of Xuanwu Hospital,
Capital Medical University (Beijing, China) [approval number
(2022)008, 26 January 2022]. All patients gave their informed
consent before inclusion. Patients admitted to the cerebral
vascular disease unit of the Department of Neurology at
Capital Medical
01 February 2022 to 30 April 2022 were consecutively enrolled.

Xuanwu  Hospital, University ~ from

The inclusion criteria were as follows: (1) at least 18 years old; (2)
first-ever AIS confirmed by computed tomography or magnetic
resonance imaging; (3) within 7 days after onset of symptoms; (4)
undertook computed tomography angiography (CTA) successfully;
and (5) AIS subtypes of large-artery atherosclerosis (LAA) and
small-artery  occlusion (SAO) with  cervicocephalic
atherosclerosis [25].

The exclusion criteria included: (1) a history of hemorrhagic
o)
3)
chronic inflammatory disease (temperature >37.3°C, number
of leukocytes >12 x 10°/L or <4 x 10°/L, use of anti-

inflammatory drugs or antibiotics); (4) immunodeficiency or

stroke or subarachnoid hemorrhage; symptomatic

atherosclerotic coronary artery disease; infection or

use of immunosuppressants; (5) mitochondrial myopathy or
mitochondrial encephalomyopathy; (6) poor organ function;
(7) hematological system diseases; and (8) malignant tumors.

General characteristics

The patients’ age, sex, history of hypertension, diabetes
mellitus, hyperlipidemia history, smoking history, and alcohol
consumption were collected through interviews. Smoking was
defined as having smoked within the last 12 months.
Neurological deficit severity was estimated according to the
National Institutes of Health Stroke Scale (NIHSS) upon
admission [26]. Blood samples from all the enrolled patients
were subjected to complete blood counts, biochemical tests, and
Medical
hospitalization was in accordance with AIS management and

coagulation function assays. treatment during

secondary prevention guidelines [27].
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Measurement of ROS content by
fluorescence spectroscopy

In total, 10 mL of fasting venous blood was collected from
each patient within 24 h after admission. PBMCs were isolated by
density gradient centrifugation using Ficoll-Pauge PLUS
(17144002, Cytiva, Marlborough, MA, United States) within
2 hours of the blood sample being taken. The ROS content
was then measured within 4 h by fluorescence spectroscopy. The
PBMC:s of each patient were resuspended in 500 uL of D-PBM
buffer (201050, PBM, Tianjin, China) and then divided into a
background tube and a stained tube. There were approximately
1 x 10° PBMCs per tube. CellROX Green (C10444, Invitrogen,
Carlsbad, CA, United States) was added to the stained tube to
reach a final concentration of 5 uM. The two tubes were then
incubated in a water bath at 37°C for 30 min, and the twice-
washed PBMCs were placed in a 96-microwell plate (137101,
Thermo Scientific, Waltham, MA, United States). The wells were
defined as follows: negative well (100 uL D-PBS buffer),
background well (100 pL unstained cell suspension), and
stained well (100 pL stained cell suspension), respectively.
Finally, a microplate reader (Varioskan Flash Multimode
Reader, Thermo Scientific, Waltham, MA, United States) and
Skanlt Software 2.4.5 were used to detect fluorescence intensity
(FI) by fluorometry (excitation/emission: 485/520 nm), and the
ROS content was then calculated using Equation 1:

ROS content = (FIstained - FIbackground) / FInegative (1)

Determination of mtDNA-CN by ddPCR

After isolating the PBMCs, an animal mtDNA column
extraction kit (BTN80803, Beijing BioRab Technology, Beijing,
China) was used to isolate the mtDNA. The mitochondrially
encoded NADH dehydrogenase 1 (ND1) gene is located in the
mitochondrial membrane, and the ribonuclease P/MRP 30 kDa
subunit (RPP30) gene is a cellular housekeeping gene of the
nucleus. ddPCR was used in separate reactions to measure the
copy number of the mitochondrial ND1 gene (ND1-CN) and the
nuclear RPP30 gene copy number (RPP30-CN). The mtDNA-
CN quantification was calculated using Equation 2:

mtDNA-CN = ND1-CN/RPP30-CN (2)

Amplification of the target DNA was performed in a 20 uL
reaction mixture sample containing a ddPCR premixture (10 pL),
mtDNA (1 pL), the restriction enzyme Hind III (0.3 uL), nuclease-
free water (6.65 pL), a forward primer (0.9 pL), a reverse primer
(0.9 pL), and a probe (0.25 pL). The sample was loaded into droplet
generator (MicroDrop-100A, Forevergen, Guangzhou, Guangdong,
China) to convert it into a water-in-oil droplet emulsion. The
thermal cycling conditions consisted of a 10 min pre-
denaturation at 95°C followed by 45 cycles of a 30 s denaturation
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at 95°C, a 1 min annealing-extension at 58°C for the ND1 reaction
and at 61°C for the RPP30 reaction, a 10 min inactivation at 98°C,
and a 4°C holding period. Finally, the amplified sample was analyzed
using biochip analyzer (MicroDrop-100B, Forevergen, Guangzhou,
Guangdong, China). The NDI-CN and RPP30-CN values were
calculated using the QuantDrop system. The results were considered
reliable when the number of droplets was >40,000.

The ND1 primers and probe used in this work were as follows:

forward primer, 5'-CCCTAAAACCCGCCACATCT-3%
reverse primer, 5 -GAGCGATGGTGAGAGCTAAGGT-3%;
probe, 5'-VIC/CCATCACCCTCTACATCACCGCCC/DBQI-3.

The following RPP30 primers and probe were considered:

forward primer, 5'-AGATTTGGACCTGCGAGCG-3’%
reverse primer, 5'-GAGCGGCTGTCTCCACAAGT-3%
probe, 5'-FAM/TTCTGACCTGAAGGCTCTGCGCG/BHQI-3.

Quantification of the overall degree of
atherosclerosis in cervicocephalic arteries
using CTA

The CTA scan mode and the segments of cervicocephalic
arteries described in our previous study were adopted in the
present work [24]. Images of the cervicocephalic arteries were
reconstructed and reviewed independently by two experienced
radiologists who were unaware of the patients’ demographic and
clinical information. Any discrepancies were discussed until a
consensus was reached.

The degree of stenosis in the cervical arteries was evaluated
based the North American Symptomatic Carotid
Endarterectomy Trial [28], and that in the intracranial arteries

on

was evaluated based on the Warfarin-Aspirin Symptomatic
Intracranial Disease Study [29]. The cervicocephalic arteries were
divided into 19 segments as follows: 18 segments (9 bilateral arteries,
including the subclavian, common carotid, extracranial carotid,
extracranial vertebral, intracranial carotid, intracranial vertebral,
posterior cerebral, middle cerebral and anterior cerebral arteries),
plus one single segment (the basilar artery) [30]. We scored the most
severe atherosclerotic lesion in each segment as follows: 0 points (no
atherosclerotic lesion), 1 point (<50% stenosis or atherosclerotic
plaque with no stenosis), 2 points (50%-69% stenosis), 3 points
(70%-99% stenosis), and 4 points (occlusion), respectively [24].
ICAB was calculated by summing the points of each segment.

Follow-up
All patients were followed up at 90 days after the onset of AIS

via telephone interview with the patients or their long-term
caregivers by an experienced physician who was blinded to
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the baseline data. The mRS was used to evaluate the post-
stroke disability [31].

Grouping of study subjects

ROS content, ICAB, and mtDNA-CN were divided into low,
median, and high groups based on tertiles. In addition, ROS
content was also classified as low or high according to the
median. An unfavorable functional outcome was defined as an
mRS >2, while a favorable functional outcome was defined as
an mRS <2.

Statistical analysis

The experimental data are presented as the mean * standard
deviation for normally distributed continuous variables, as the
median (interquartile range) for non-normally distributed
continuous variables, and as the count (%) for categorical
variables. Continuous variables were compared using a
Student’s t-test or a Mann-Whitney U test between two
groups as appropriate, and using a one-way analysis of
variance or a Kruskal-Wallis test with Bonferroni’s correction
between three groups. Categorical variables were compared using
a Chi-squared test or Fisher’s exact test.

Spearman’s correlation analysis was used to evaluate the
correlation of mtDNA-CN and ROS content with ICAB, as
well as that of mtDNA-CN with ROS content. For further
exploration, the correlation of mtDNA-CN and ROS content
with ICAB was assessed by multivariable linear regression
analysis. The relationships between mitochondrial function
(mtDNA-CN and ROS content) and ICAB were evaluated
using Spearman’s correlation and multivariable linear
regression. The relationship between mtDNA-CN and ROS
content was assessed using Spearman’s correlation and
multivariable logistic regression. Additionally, multivariable
logistic regression was also used to examine the associations
of mitochondrial function (mtDNA-CN and ROS content) and
ICAB with 90-day unfavorable functional outcome (mRS >2). All
tests were two-sided, and p < 0.05 was considered statistically
significant. The statistical analyses were performed using SPSS
Statistics (version 25.0; IBM, Armonk, NY, United States), and
GraphPad Prism (version 8.0) was used for the preparation
of figures.

Results

Of the 115 participants with AIS without symptomatic
atherosclerotic coronary artery disease, the following patients
were excluded: those who refused to participate (n = 3), those
with incomplete CTA (n = 4), those with Moyamoya disease (n =
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Refused participating (n = 3)

Contraindicated or intolerant to CTA (n = 4)

Moyamoya disease (n = 1)
Leukopenia (n = 1)
Infection (n = 2)
Tumor (n=1)

Lost to follow-up (n = 5)

Zhao et al.
Patients with AIS (n = 115)
Included in the study (n = 112)
Enrolled to the cohort (n = 103)
Finished follow-up (n = 98)
FIGURE 1

Flowchart of patients’ enrollment and follow-up. Abbreviations: AlS, acute ischemic stroke; CTA, computed tomography angiography.

1), those with leukopenia (n = 1), those with infection (n = 2), and
those with a tumor (n = 1). Thus, there was a total of 103 patients
enrolled in our cohort. Among them, 5 (4.9%) patients were lost
to follow-up, and the study finished with 98 patients with
complete information on mRS 90 days after ischemic
stroke (Figure 1).

Baseline characteristics and 90-day
functional outcomes

Among the 98 patients who completed the 90-day follow-up,
the mean age was 60.8 + 11.5 years, and 67 patients (68.4%) were
men. The median ICAB was 14 (range 7-20) points, and the
median baseline mRS was 1 (range 0-3) point. The PBMC
mitochondrial function was indicated by a median mtDNA-
CN of 24.32 (range 13.27-37.97) x10” and a median ROS content
of 5.71 (range 3.88-8.50) in the 98 patients, with no differences
compared to patients lost to follow-up (p = 0.256, p = 0.914)
(Supplementary Table S1). Patients in the high ICAB group
(ICAB >18 points) had lower mtDNA-CN (p < 0.05) and
higher ROS content (p < 0.05) than those in the low ICAB
group (ICAB <10 points) (Table 1). At the end of the 90-day
follow-up period, 24 patients (24.5%) had an unfavorable
functional outcome (mRS >2) (Supplementary Table S2).

The kappa value for inter-rater reliability in ICAB was 0.929
(p < 0.001).
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Relationship between PBMC
mitochondrial dysfunction and ICAB

It is clear from Figure 2 that ICAB was found to be higher
in each group with severe PBMC mitochondrial dysfunction
(low mtDNA-CN <18.08 x10% high ROS content >7.85).
Spearman’s  correlation analysis showed a negative
correlation between mtDNA-CN and ICAB (r = -0.39, p <
0.001) (Figure 3A), and a positive correlation between ROS
content and ICAB (r = 0.58, p < 0.001) (Figure 3B). After
adjusting for age, sex, PBMC count, and the parameters with
p < 0.1 in univariable analysis (Supplementary Table S3),
mtDNA-CN was found to be independently and negatively
associated with ICAB (adjusted p = —0.099, 95%CI = —0.153
~ —0.044, p < 0.001), and ROS content was also positively
associated independently with ICAB (adjusted B = 1.275, 95%
CI =0.885-1.665, p < 0.001) in multivariable linear regression
analysis (Table 2).

Relationship between mtDNA-CN and
ROS content

Figure 4 shows the significant negative correlation between
mtDNA-CN and ROS content in PBMCs in a Spearman’s
correlation analysis (r = —0.38, p < 0.001). After adjusting for
age, sex, diabetes history, and alcohol consumption in
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TABLE 1 Comparison of baseline characteristics of patients in low, median, and high ICAB groups.

Variables Low ICAB (n = 34) Median ICAB (n = 32) High ICAB (n = 32)
Demographics

Age (years) 582 + 135 64.8 £ 11.0 59.6 + 8.58 0.050
Male patients (1) 20 (58.8)* 19 (59.4)* 28 (87.5) 0.018°
Clinical characteristics

NIHSS (points) 1 (0-2) 1 (0-3) 3 (1-5) 0.028"
mRS$ (points) 1(0-2)° 0 (0-3)" 3(1-3) 0.013°
ICAB (points) 4 (1-7)> ¢ 15 (11-16)* 23 (20-25) <0.001°
BMI (kg/m?) 26.01 + 4.89 26.28 + 3.61 26.05 + 4.02 0.961
SBP (mmHg) 1394 + 22.1 138.2 £ 21.6 144.7 £ 18.6 0.421
DBP (mmHg) 87.8 £13.1 82.0 + 11.1 89.0 £ 12.5 0.052
HbAlc (%) 5.60 (5.30-5.95)* 5.90 (5.40-7.48) 6.25 (5.50-7.88) 0.044"
FBG (mmol/L) 4.87 (4.24-5.36)" 5.26 (4.46-6.83) 5.92 (5.09-7.60) 0.001°
TC (mmol/L) 4.04 £ 1.05 4.21 £ 1.56 4.31 £ 1.26 0.363
TG (mmol/L) 1.23 (0.86-1.89) 1.42 (1.18-1.69) 1.52 (1.24-2.13) 0.067
LDL-C (mmol/L) 1.98 (1.76-2.96) 2.21 (1.42-2.90) 2.53 (1.69-3.35) 0.438
HDL-C (mmol/L) 1.17 £ 0.28* 1.12 £ 0.28* 0.96 + 0.25 0.007"
Hcy (pumol/L) 16.94 (11.08-18.38) 16.29 (13.18-18.23) 14.95 (11.05-17.31) 0.394
UA (mmol/L) 31641 £ 96.86 300.47 + 87.54 322.66 + 88.93 0.606
hs-CRP (mg/L) 1.50 (0.68-4.38) 1.37 (0.57-5.07) 3.68 (0.75-5.13) 0.462
FIB (g/L) 3.02 £0.78 3.12 + 1.02 3.54 +0.98 0.690
D-Dimer (mmol/L) 0.26 (0.20-0.49) 0.26 (0.21-0.36) 0.25 (0.14-0.34) 0.547
Risk factors

History of hypertension (1) 20 (58.8) 23 (71.9) 26 (81.3) 0.133
History of diabetes (1) 4 (11.8) 10 (31.3) 11 (34.4) 0.072
History of hyperlipidemia (1) 15 (44.1) 12 (37.5) 15 (46.9) 0.738
Smoking history (n) 10 (29.4) 11 (34.4) 18 (56.3) 0.063
Alcohol consumption (n) 8 (23.5) 11 (34.4) 16 (50.0) 0.079
PBMC characteristics

PBMC count (x10°/L) 2.29 £ 0.96 2.48 + 0.66 2.37 £ 0.98 0.334
mtDNA-CN (x10?) 32.61 (23.33-50.94)" 28.28 (14.28-40.89)* 12.61 (6.02-21.65) <0.001°
ROS content 4.09 (2.75-5.10)* © 7.16 (4.94-8.14) 8.75 (5.06-12.18) <0.001°

Data presented as mean + standard deviation, median (interquartile range), or n (%). ICAB was grouped by tertile: low ICAB <10 points, median ICAB = 10 ~ 18 points, and high

ICAB >18 points.

Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; NTHSS, national institute of health stroke scale; mRS, modified Rankin Scale; BMI, body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin; FBG, fasting blood glucose; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; Hcy, homocysteine; UA, serum uric acid; hs-CRP, hypersensitive C-reactive protein; FIB, fibrinogen; PBMC, peripheral blood mononuclear
cells; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species.
p < 0.05 compared with the high ICAB group.
*Statistically significant differences (p value < 0.05).
p < 0.05 compared with the median ICAB group.
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FIGURE 2
Comparison of ICAB between different groups of mtDNA-CN and ROS content. (A) ICAB of the low mtDNA-CN group was significantly higher
than that of the median and high mtDNA-CN groups. The mtDNA-CN was grouped by tertile: low mtDNA-CN < 18.08 x10?, median mtDNA-CN =
(18.08 ~ 32.83) x10?, high mtDNA-CN >32.83 x102. *p < 0.001 vs the low mtDNA-CN group. (B) ICAB of the high ROS content group was significantly
higher than that of the low and median ROS content groups. ROS content was grouped by tertile: low ROS content <4.64, median ROS
content = 4.64 ~ 7.85, high ROS content >7.85. *p < 0.001 vs. the high ROS content group. ICAB is represented as the median (interquartile range).
Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive
oxygen species.
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FIGURE 3
Spearman'’s correlation analysis of mtDNA-CN, ROS content and ICAB. (A) Correlation between mtDNA-CN and ICAB (r = -0.39, p < 0.001). (B)

Correlation between ROS content and ICAB (r = 0.58, p < 0.001). Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN,
mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species.

TABLE 2 Multivariable linear regression of mtDNA-CN, ROS content and ICAB.

PBMC mitochondrial function

B (95%CI)*

mtDNA-CN -0.099 (-0.153 ~ —0.044) <0.001° 0.413

ROS content 1.275 (0.885-1.665) <0.001° 0.549

*Adjusted for age, sex, history of hypertension, history of diabetes, alcohol consumption, glycated hemoglobin, fasting blood glucose, triglyceride, high-density lipoprotein cholesterol,
fibrinogen, and PBMC count.
Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species; CI, confidence

interval.
"Statistically significant differences (p value < 0.05).
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FIGURE 4

Spearman'’s correlation analysis of mtDNA-CN and ROS
content. The ROS content of PBMCs was negatively related to its
mtDNA-CN (r = —=0.38, p < 0.001). Abbreviations: mtDNA-CN,
mitochondrial deoxyribonucleic acid copy number; ROS,
reactive oxygen species.

multivariable logistic regression, the risk of high ROS content
decreased with elevated mtDNA-CN (adjusted OR = 0.959, 95%
CI =0.933-0.986, p = 0.003) (Table 3; Supplementary Table 54).

Relationship between ICAB and a 90-day
functional outcome of AlIS

Compared to patients with a favorable functional
outcome, those with an unfavorable functional outcome
(90-day mRS >2) had higher levels of low-density
lipoprotein cholesterol (p = 0.033), NIHSS (p < 0.001),
ICAB (p < 0.001), and ROS content (p = 0.010), but lower
levels of mtDNA-CN (p = 0.001) (Supplementary Table S2).
Multivariable logistic regression analysis revealed that ICAB
was independently related to a 90-day unfavorable functional
outcome after adjusting for age, sex, PBMC count, total
cholesterol, low-density lipoprotein cholesterol, and NIHSS
(adjusted OR = 1.127, 95%CI = 1.021-1.244, p = 0.018)
(Table 4; Supplementary Table S5).

TABLE 3 Logistic regression analysis of mtDNA-CN and high ROS content.

Variable

Univariable analysis

OR (95%CI)
mtDNA-CN (per 1 x 10* increased) 0.961 (0.939-0.984)

“Adjusted for age, sex, history of diabetes, and alcohol consumption.
ROS content was grouped by the median, with high ROS content >5.71.

p value

10.3389/ebm.2025.10624

Relationship between PBMC
mitochondrial dysfunction and a 90-day
functional outcome of AIS

Multivariable logistic regression analysis showed that after
adjusting for age, sex, PBMC count, total cholesterol, low-density
lipoprotein cholesterol, and NIHSS, patients with higher
mtDNA-CN had a decreased risk of a 90-day unfavorable
functional outcome (adjusted OR = 0911, 95%CI =
0.850-0.976, p = 0.008), while patients with higher ROS
content had an increased risk of 90-day unfavorable
functional outcome (adjusted OR = 1.523, 95%CI = 1.172 ~
1.981, p = 0.002) (Table 4; Supplementary Table S5).

Discussion

In this study, we found that mtDNA-CN and ROS content of
PBMCs were negatively and positively correlated with ICAB,
respectively. With the increase of the mtDNA-CN level, the
ROS content and the risk of mRS >2 decreased significantly. To
our knowledge, this is the first study to suggest that severe PBMC
mitochondrial dysfunction is associated with extensive and severe
cervicocephalic atherosclerosis, in addition to increased risk of
short-term unfavorable functional outcomes in patients with AIS.

Mitochondrial dysfunction may be involved in atherogenesis
and has been found in local carotid plaque [18, 32]. Another study
of 11 participants revealed decreased mtDNA-CN in coronary
artery plaques and a reduction in peripheral blood leukocytes [19],
indicating that mitochondrial dysfunction in peripheral blood
inflammatory cells could correspond to that in atherosclerotic
plaques. mtDNA damage in PBMC has also been reported to be
more significant in patients with atherosclerotic cardiovascular
disease than in controls without atherosclerosis [33]. Similarly, our
study confirmed that the mtDNA-CN of PBMCs was closely
related to cervicocephalic atherosclerosis. Thus, it is possible to
speculate that similar to the mitochondrial dysfunction observed in
plaques, mitochondrial dysfunction in peripheral blood
inflammatory cells may also correlate with atherosclerosis. It is
also worth noting that mice with mtDNA damage or greater
oxidative stress in peripheral blood inflammatory cells were

High ROS content

Multivariable analysis

Adjusted OR (95%CI)*

p value

0.001° 0.959 (0.933-0.986) 0.003°

Abbreviations: mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species; OR, odds ratio; CI, confidence interval.

"Statistically significant differences (p value < 0.05).
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TABLE 4 Logistic regression analysis of ICAB, mtDNA-CN, ROS content, and 90-day unfavorable functional outcome.

Variables

Univariable analysis

Or (95%CI)

90-day unfavorable functional outcome

p value

Multivariable analysis

Adjusted OR (95%CI)?* p value

ICAB (per point increased) 1.115 (1.045 ~ 1.190) 0.001° 1.127 (1.021 ~ 1.244) 0.018"
mtDNA-CN (per 1 x 10? increased) 0.953 (0.921 ~ 0.987) 0.006° 0.911 (0.850 ~ 0.976) 0.008"
ROS content (per level increased) 1.265 (1.097 ~ 1.459) 0.001° 1.523 (1.172 ~ 1.981) 0.002°

*Adjusted for age, sex, PBMC, count, total cholesterol, low-density lipoprotein cholesterol, and NIHSS.

A 90-day unfavorable functional outcome was defined as mRS >2 points.

Abbreviations: ICAB, intracranial and cervical atherosclerotic burden; mtDNA-CN, mitochondrial deoxyribonucleic acid copy number; ROS, reactive oxygen species; OR, odds ratio; CI,

confidence interval.
"Statistically significant differences (p value < 0.05).

reported to have larger aortic atherosclerotic plaques than those
without [32, 34], showing the aggravating role of mitochondrial
dysfunction in the progression of local atherosclerosis. However
local atherosclerosis may not accurately reflect the overall degree of
atherosclerosis. The impact of mitochondrial dysfunction on
overall atherosclerosis needs to be further explored. The
relationship between mtDNA-CN in peripheral blood cells and
the total degree of atherosclerosis has only been observed in
coronary arteries, with inconsistent results and without ROS
[20, 21].
coronary arteries and aortic arteries, cervicocephalic arteries

content assessment Furthermore, compared to
provide a wider range of blood supply with a longer arterial
course. Thus, the association, especially between mitochondrial
dysfunction in peripheral blood inflammatory cells and the overall
degree of cervicocephalic atherosclerosis (ICAB) warrants further
investigation. Our findings demonstrated that patients with AIS
with severe PBMC mitochondrial dysfunction (lower mtDNA-CN
and higher ROS content) are at a higher risk for an extensive and
severe degree of overall cervicocephalic atherosclerosis (higher
ICAB) (Table 2). Therefore, assessing PBMC mitochondrial
dysfunction has potential value in risk stratification for
cervicocephalic atherosclerosis in clinical work.

The mitochondrial dysfunction of PBMCs in patients with AIS
was evaluated in our study from the perspectives of gene expression
and oxidative metabolism, as indicated by mtDNA-CN and ROS
content. We found that ROS content gradually increased as
mtDNA-CN in PBMCs decreased (Figure 4), suggesting that
mtDNA damage and oxidative metabolic injury may not be
independent of each other in the presence of atherosclerosis. It
should be emphasized that mtDNA lacks histone protection and
effective mtDNA repair, and is close to the electron transport chain
where ROS are generated [35]. As a result, mtDNA is easy to be
damaged by ROS and oxidative stress. Increased ROS content in
inflammatory cells may also lead to a decrease in mtDNA-CN,
which in turn may lead to a decline in respiratory chain function, an
imbalance in cellular oxidative metabolism, and the promotion of
further ROS production, thus forming a vicious cycle [36].
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Therefore, the decrease in mtDNA-CN and the increase in ROS
content in PBMCs are likely to promote each other and may
aggravate atherosclerosis. This finding provides some clues for
further exploration of the possible mechanisms underlying
PBMC mitochondrial dysfunction in patients with AIS with
cervicocephalic atherosclerosis.

Previous studies have shown that lower mtDNA-CN in
peripheral blood leukocytes can predict poorer outcomes in
stroke patients [15]. We conducted this study especially with
patients with AIS with LAA and SAO subtypes, so as to better
observe the relationship between mitochondrial dysfunction and
the prognosis of patients with AIS with cervicocephalic
atherosclerosis. Our results showed that both the decrease of
mtDNA-CN and the increase of ROS content in PBMCs were
independently associated with a 90-day unfavorable functional
outcome after AIS (Table 4). Except for the poor outcomes
caused by severe atherosclerosis in the cervicocephalic arteries
[2, 3, 24], the association between PBMC mitochondrial
dysfunction and the functional outcomes of AIS may also
involve other possible mechanisms unrelated to atherosclerosis.
The mtDNA-CN of peripheral blood leukocytes and other types of
cells, such as neurons and endothelial cells may exhibit similar
trends of change, and adequate mtDNA-CN in these cells could
enhance the repair ability of neurons and the blood-brain barrier
after stroke [15]. In addition, low mtDNA-CN may increase the
proportion of pro-inflammatory macrophages [9], resulting in the
release of more inflammatory factors that exacerbate neuronal
damage [37]. Moreover, the increased ROS content could
promote endothelial cell injury and apoptosis, in addition to
glucose metabolism dysfunction [7, 38-40]. These cellular and
tissue damages might affect the functional recovery of patients
with AIS, and these potential mechanisms need further exploration.

Finally, it must be mentioned that our study has certain
limitations. (i) As a single-center study with a relatively small
sample size, the results of this study should be generalized to
other populations with caution. (ii) The majority of patients with
AIS in this study exhibited mild neurological deficits, and further
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research should include patients with different degrees of
neurological impairment for a more comprehensive analysis.
(iii) While PBMC mitochondrial function and the majority of
the clinical characteristics did not differ between patients with
and without a completed follow-up, the lower ICAB scores
observed in the latter group may indicate the potential bias.
Further studies with a larger sample size are needed to reduce this
bias. (iv) In addition to functional outcomes, we will continue to
follow up on further cardio-cerebral vascular events in patients
with AIS to comprehensively investigate the correlation between
PBMC mitochondrial dysfunction and poor AIS outcomes. (v)
To explore the mechanism by which PBMC mitochondrial
the
atherosclerosis, interventional experiments such as oxidative

dysfunction drives development of the degree of

stress inhibition assays should also be conducted.

Conclusion

this PBMC
mitochondrial dysfunction may play an important role in

In summary, study demonstrated that
indicating the extensive and severe overall cervicocephalic
atherosclerotic burden and a poor short-term functional
outcome of patients with AIS. Given the advantages of the
convenient and non-invasive approach to measuring PBMC
mitochondrial dysfunction, this study may provide a novel
and feasible way to optimize the early identification and risk
stratification of cervicocephalic atherosclerosis and functional
prognosis prediction of patients with AIS with cervicocephalic
atherosclerosis. Further investigation is needed to understand the
complex mechanisms between mitochondrial dysfunction in
peripheral blood inflammatory cells and atherosclerosis
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Abstract

Ceramides and other sphingolipids are associated with diabetes risk. Here, we
examined the association of plasma sphingolipids with insulin sensitivity and
secretion in people without diabetes. We enrolled adults without diabetes based
on 75-g oral glucose tolerance test. Assessments included clinical examination,
insulin sensitivity (hyperinsulinemic euglycemic clamp), and insulin secretion
(intravenous glucose tolerance test). Plasma levels of 58 sphingolipid species
(including  ceramides, monohexosylceramides, sphingomyelins, and
sphingosine) were assayed using liquid chromatography tandem mass
spectrometry. The study participants (N = 240; 129 Black, 111 White) had a
mean age of 43.1 + 12.0 y, body mass index (BMI) 29.4 + 6.23 kg/m?, fasting
plasma glucose 91.4 + 6.91 mg/dL, and 2-h plasma glucose 123 + 26.3 mg/dL.
Several of the 58 SPLs species assayed showed variable associations with insulin
sensitivity (r = 0.17-0.35, P = 0.039 - <0.0001) and secretion (r = 0.14-0.27; P =
0.038 - <0.0001). After correction for multiple testing, plasma levels of very-
long-chain (VLC) monohexosylceramide C34:0 (r = 0.31 - 0.43, P <0.0001) and
VLC sphingomyelins C28-C34 (r = 0.31-0.35, P = 0.0004 - <0.0001) were
significantly associated with insulin sensitivity. Plasma VLC sphingomyelin level
were inversely associated with insulin secretion, plasma glucose, BMI, and waist
circumference. We conclude that circulating VLC sphingomyelins are
associated positively with insulin action and inversely with insulin secretion
and adiposity in normoglycemic adults, indicating a possible link to
glucoregulation that precedes the development of dysglycemia.
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Impact statement

Accumulation of ceramides and other sphingolipids results
in lipotoxicity, insulin resistance, and increased diabetes risk. We
assessed the relationship between circulating levels of selected
sphingolipids and glucoregulatory physiology in adults without
diabetes. Our findings demonstrate heterogeneity among plasma
sphingolipid species regarding their association with sensitivity
and secretion. Long-chain ceramides and sphingomyelins
associate inversely with insulin sensitivity and positively with
insulin secretion; very-long-chain sphingolipids species associate
positively with insulin sensitivity and inversely with insulin
secretion. Very-long-chain sphingolipids also were inversely
associated with adiposity and glycemia, indicating a beneficial
glucoregulatory and metabolic profile. These findings suggest a
physiological link between metabolism of certain sphingolipids
and glucose regulation long before the development of
dysglycemia.

Introduction

Sphingolipids are specialized lipids in mammalian cells that
have a structure characterized by the presence of an amino
dihydroxy alkane, a sphingoid base, an N-bound fatty acid,
and a variable head group [1-3]. The major classes of
sphingolipids include ceramides, monohexosylceramides,
sphingomyelins, and sphingosines, among others. Variability
in carbon length, saturation, and hydroxylation within
structural components of sphingolipids has generated several
thousand individual species of sphingolipids [1-3]. The spectrum
of biological roles of sphingolipids includes cell membrane
integrity of

differentiation, growth, senescence, and cell death [4-7].

and modulation inflammation,  signaling,

Tissue accumulation of ceramides impairs insulin
signaling and induces pancreatic beta-cell apoptosis, with
consequent glucose dysregulation [7-9]. Furthermore, the
roles of specific sphingolipids in the pathophysiology of
diverse endocrine and metabolic conditions, including
mitochondrial dysfunction, thyroid eye disease, autoimmune
disorders, metabolic dysfunction-associated fatty liver disease,
brain insulin resistance and neurodegenerative disorders, and
glucose dysregulation are being increasingly recognized
(reviewed recently by Li et al. [7]).

Modern

quantitation of individual sphingolipid species in human

lipidomic technology has enabled precise
plasma, and alterations in circulating levels of certain
sphingolipid species have been associated with obesity,
diabetes, and prediabetes [10-15]. Furthermore, plasma levels
of specific ceramides and other sphingolipid species have been
reported to be significantly associated with measures of insulin
sensitivity and insulin secretion in studies that included

individuals with obesity or type 2 diabetes [9, 16-18].
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Hyperglycemia is known to increase de novo synthesis of
ceramides and alter the abundance of other sphingolipid species
through modulation of specific enzymes involved in the
sphingolipid metabolism, including serine palmitoyltransferase
and sphingomyelinases [19-21].

The aim of the present report was to determine the
association of a broad range of circulating sphingolipid
species with measures of insulin sensitivity and insulin
secretion in individuals without diabetes. By studying such
individuals, we hoped to avoid any metabolic effects of
dysglycemia per se on lipid metabolism [19-21]. The
development of insulin resistance precedes the occurrence of
type 2 diabetes by several years; similarly, the loss of first-phase
insulin secretory response to glucose challenge represents early
evidence of pancreatic beta-cell defect that precedes the
diagnosis of diabetes by several years [22, 23]. Thus, we
reasoned that the reports linking sphingolipids to diabetes
probably represent a distal relationship that might be
the of
dysglycemia. The aim of the present study was to assess the

discernible proximally, prior to occurrence
association of plasma levels of 58 selected sphingolipid species
with insulin sensitivity and insulin secretion in adults

without diabetes.

Materials and methods
Study subjects
Study participants were selected from the Pathobiology of

Prediabetes (POP-ABC) [24, 25].
Participants were eligible for the POP-ABC study if they were

in a Biracial Cohort

18-65 years, self-reported as non-Hispanic Black (African
American) or non-Hispanic White (European American) and
had biological parent(s) with type 2 diabetes. Additional
participants were included from the POP-ABC normative
cohort comprising African American European American
adults without a family history of diabetes. All participants
underwent a screening 75-gram oral glucose tolerance test
(OGTT) to document normal fasting plasma glucose (FPG;
<100 mg/dL [5.6 mmol/L]) and/or normal glucose tolerance
(2-h plasma glucose [2hPG] <140 mg/dL [7.8 mmol/L]) [17, 18].
Intercurrent illness, hyperglycemia, a history of diabetes, or
exposure to medications known to alter glucose metabolism
were among the exclusion criteria [24, 25]. A written
informed consent was obtained from all participants before
enrollment in the POP-ABC study [24, 25].

For the present report, we selected African American
participants (N = 129) and European American participants
(N = 111), matched in age (within 5 years) and sex, who had
completed assessment of insulin sensitivity and insulin secretion
at enrollment [20, 21]. Plasma specimens obtained from the
participants at enrollment were analyzed for sphingolipid levels

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10538

Asuzu et al.

in the ongoing Ceramides and Sphingolipids as Predictors of
Incident Dysglycemia (CASPID) study. The CASPID study
protocol (IRB Approval #21-07936-FB) was approved by the
University of Tennessee Health Science Center (UTHSC)
Institutional Review Board and carried out at the UTHSC
General Clinical Research Center (GCRC).

Assessments

Participants arrived at the GCRC after fasting overnight for
baseline assessments. These included a structured medical
interview and general physical examination, measurement of
height, weight, waist circumference, and OGTT. The body mass
index (BMI) was calculated as weight in kilograms divided by the
height in meters squared. Additional assessments included

measurement of insulin sensitivity and insulin secretion.

Oral glucose tolerance test

Ahead of the baseline visit, participants received written
instructions to continue with their normal diet, refrain from
strenuous exercise and alcohol consumption for a day prior, and
to avoid smoking the morning of the OGTT. After an overnight
fast, venous blood specimens were sampled from participants
before (0 min) and at 30 and 120 min after drinking 75 g of
flavored glucose solution (Trutol 75; Custom Laboratories,
Baltimore, MD) [24, 25].

Insulin sensitivity

Whole body insulin sensitivity was assessed using the
hyperinsulinemic euglycemic clamp method of DeFronzo
et al. [26]. In brief, participants were fasted overnight for
approximately 12 h before undergoing the clamp studies at
the GCRC. A primed, continuous intravenous infusion of
regular insulin (2 mU/kg/min; 12 pmol/kg/min) was
administered for 180 min through intravenous cannulas in
both arms, while maintaining blood glucose level at ~100 mg/
dL (5.6 mmol/L) with a variable rate dextrose (20%) infusion.
Glucose and insulin measurements were carried out on
arterialized blood samples obtained every 10 min during the
procedure. During the final 60 min of insulin infusion (steady
state), the total insulin-stimulated glucose disposal rate (M)
was calculated and corrected for the steady-state plasma
insulin levels to derive the final insulin sensitivity index (Si-
clamp), as previously described [24-26]. Fasting glucose and
the
resistance

were used to calculate homeostasis
of (HOMA-IR)
(HOMA2 calculator. https://homa-calculator.informer.com/2.
2/) based on Matthews et al. [27].

insulin levels

model  assessment insulin
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Insulin secretion

Acute insulin secretory response to glucose (AIRg) was
assessed using the frequently sampled intravenous glucose
tolerance test (FSIGT), as previously described [24, 25]. In
brief, after an overnight fast, participants arrived at the GCRC
for the FSIGT. An intravenous dextrose bolus (25g) was
administered, with arterialized blood sampling for the
measurement of glucose and insulin levels at —30, 0, 2, 3, 4, 5,
7, and 10 min relative to dextrose bolus. The AIRg was computed
as the mean incremental insulin concentration from 3 to 5 min
after the dextrose bolus [23, 25, 28]. Fasting glucose and insulin
levels were used to calculate the homeostasis model assessment of
beta cells (HOMA-B) (HOMA2 calculator. https://homa-
calculator.informer.com/2.2/) based on Matthews et al. [27].
The disposition index, a measure of the insulin secretion
corrected for ambient insulin sensitivity, was calculated as
AIRg x Si-clamp [29].

Biochemical assays

Plasma glucose levels during OGTT and hyperinsulinemic
euglycemic clamp were measured at the bedside using the YSI
glucose analyzer (Yellow Spring Instruments Co., Inc., Yellow
Spring, OH). Plasma insulin levels were measured in our
Endocrine Research Laboratory with a solid phase, two-site
sequential chemiluminescent immunometric assays on the
analyzer  (Siemens  Healthcare
Diagnostics Products, Ltd., Camberley, Surrey, UK). The
within-batch the
assay was <5%.

Siemens  Immulite

variation  coefficient for insulin

Lipidomic analysis

Targeted lipidomic analysis was performed in baseline
plasma specimens obtained at enrolment in the POP-ABC
study. The plasma specimens preserved in EDTA were stored
at —80°C until the lipidomic analysis. A total of 58 selected
sphingolipids of various classes (ceramides, monohexosyl-
and  dihydro-
liquid

ceramides,  sphingomyelins, sphingosine

sphingosine-1-phosphate) ~ were  assayed

chromatography-tandem mass spectrometry (LC-MS/MS). The

using

measurements were carried out at the Lipidomics Core at
Virginia Commonwealth University, Richmond, Virginia,
[19, 20]. The
sphingolipid species were validated and quantified using a

using established protocols individual
Shimadzu LC-20 AD binary pump system coupled to a SIL-
20AC autoinjector, and a DGU20A3 degasser coupled to an ABI
4000 quadrupole/linear ion trap (QTrap) (Applied Biosystems),
operating in triple quadrupole mode. Using the retention times

and m/z ratio, the 58 SPL species were identified and quantified
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Characteristics All African American European American P-value
Number 240 129 111
Male/Female 90/150 48/81 42/69
Age (yr) 43.1 £12.0 42.0 £ 11.6 444 + 124 0.12
BMI (kg/m?) 294 +6.23 309 + 6.52 27.7 £ 540 <0.0001
Female 30.2 + 6.49 32.0 + 6.31 28.1 + 6.08 0.0002
Male 28.2 £5.59 29.2 £ 6.55 27.1 £ 4.02 0.075
Waist circum. (cm) 934 £ 15.0 96.2 + 15.5 90.1 +13.8 0.0017
Female 92.0 £ 15.1 95.8 + 14.8 87.5 + 14.3 0.0007
Male 95.7 £ 14.6 96.9 + 16.6 944 + 11.7 0.42
FPG (mg/dL) 914 £ 691 90.3 + 7.12 92.5 + 6.50 0.013
2hrPG (mg/dL) 123 +26.3 123 + 259 123 + 26.9 0.93
Total sphingolipids (nmol/mL) 96.0 + 25.7 96.3 + 26.0 95.7 + 254 0.85
Total ceramides (nmol/mL) 3.36 + 1.48 322+ 1.42 3.53 + 1.54 0.11
Monohexosyl ceramides (nmol/mL) 4.62 +2.73 445 + 2.78 4.82 + 2.66 0.28
Total sphingomyelins (nmol/mL) 87.4 +23.7 88.0 + 239 86.8 + 23.7 0.68
Sphingosine (pmol/mL) 121 + 54.8 126 + 54.3 116 + 55.1 0.18

FPG, fasting plasma glucose; 2hrPG, two-hour plasma glucose. To convert plasma glucose from mg/dL to mmol/L, multiply by 0.056.

by comparing the target lipid ion of interest with the
normalization of quantitated ion abundances [30, 31].

Statistical analysis

Data were reported as means + SD. The significance of
differences between defined groups was analyzed using t-test
for continuous variables and chi squared test for categorical
variables. Linear regression models were used to assess the
relationship between individual sphingolipid species and
measures of adiposity, insulin secretion, and insulin
sensitivity. Significance level was generally set as P < 0.05
(two-tailed). For analysis of the association of 58 individual
sphingolipid species with insulin sensitivity or insulin
secretion, a Bonferroni-corrected significant P value
of <0.0009 was adopted, to minimize false discovery from
multiple comparisons. The analyses were performed using
SAS 9.4 (SAS Institute Inc., Cary, NC).

Results
Cohort description

The study population (N = 240; 150 women, 90 men)
comprised 129 African American (non-Hispanic Black) and

Experimental Biology and Medicine

111 European American (non-Hispanic White) participants.
Table 1 shows their baseline characteristics. The mean age
was 43.1 + 12.0 y, BMI 294 + 6.23 kg/m? fasting plasma
glucose 91.4 + 6.91 mg/dL, and 2-hr plasma glucose 123 *
26.3 mg/dL (Table 1). The mean fasting plasma glucose was
lower, and the BMI and waist circumference were higher, in
African American vs. European American participants.
However, there were no ethnic differences in 2-hr plasma
glucose or total plasma levels of sphingolipids, ceramides,
ceramides,

monohexosyl sphingomyelins, and

sphingosine (Table 1).

Association of selected plasma
sphingolipids with insulin sensitivity

Nominally significant associations were observed between
several sphingolipid species and whole-body insulin sensitivity
(Si-clamp) (Supplementary Table S1). Plasma levels of long-
chain ceramide C18:1 (r = —0.22, P = 0.0062) and long-chain
sphingomyelin C18:1 (r = -0.23, P = 0.0046) were inversely
associated with insulin sensitivity (Supplementary Table S1). In
contrast, plasma levels very-long-chain ceramide C26:0 (r = 0.20,
P = 0.014), monohexosylceramide C34:0 (r = 0.30, P = 0.0002)
and sphingomyelin C28 — C34 species were positively associated
with insulin sensitivity (Supplementary Table S1). No other
circulating  sphingolipid  species  (including ceramides,
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TABLE 2 Plasma sphingolipid species significantly associated with insulin sensitivity or insulin secretion.

Insulin sensitivity

Sphingolipids (pmol/mL) Mean + SD P Value Adjusted P value®
MHC C34:0 028 + 0.28 0.30 0.0002 0.0047

SM C28:1 18.5 + 8.07 034 <0.0001 0.0003

SM C28:0 39.3 +20.7 031 0.0001 0.0003

SM C30:1 10.1 £ 439 029 0.0004 0.0026

SM C30:0 8.35 + 3.89 032 <0.0001 0.0003

SM C32:0 274 + 1.49 035 <0.0001 0.0002

SM C34:0 122 £ 0.61 031 0.0001 0.0023

Total VLC 825 + 362 035 <0.0001 <0.0001

Insulin secretion

Sphingolipids (pmol/mL) Mean + SD P Value Adjusted P value
SM C28:0 39.3 +20.7 -0.25 0.0003 0.0012
SM C30:1 8.35 £ 3.89 -0.27 <0.0001 0.0007
*Adjusted for age, sex, race/ethnicity and BML
monohexosylceramides, sphingomyelins or sphingosines) associations with AIRg were observed for some very-long-

reached even nominally significant association with insulin
sensitivity in our study population.

After correction for multiple testing, plasma levels of very-
long-chain monohexosylceramides C34:0 (r = 0.30, P 0.0002),
very-long-chain sphingomyelins C28:1, C28:0, C30:1, C30:0,
C32:0, and C34:0 (r = 0.31-0.35, P = 0.0004 - <0.0001) were
sensitivity  (Table = 2;
Supplementary Table SI). Notably, there was no significant

positively associated with insulin
association between plasma levels of total ceramides, total
monohexosylceramides, sphingosine, or total sphingolipids
and insulin sensitivity (Supplementary Table SI). In contrast,
plasma levels of total very-long-chain sphingomyelins were
significantly associated with insulin sensitivity (r = 0.35, P <
0.0001) (Supplementary Table S1).

Association of selected plasma
sphingolipids with insulin secretion
Compared to insulin sensitivity, fewer individual
sphingolipid species showed nominally significant associations
with insulin secretion (Supplementary Table S2). Inverse
associations with AIRg were observed for the very-long-chain
sphingomyelins C28:0 (r = —0.25, P = 0.0003), C30:1(r = -0.27,
P < 0.0001), and C30:0 (r = —0.20, P = 0.0044) (r = -0.16, P =
0.024) that had showed positive associations with insulin

sensitivity (Supplementary Tables S1, S2). Weaker inverse
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chain ceramide species (r = —0.14 to —0.16, P = 0.05 - <0.018)
and very-long-chain monohexosylceramide C28:1 (r = -0.16, P =
0.024) $2).
associations with AIRg were observed for plasma levels of the
long-chain sphingomyelins C18:1 (r = 0.23, P = 0.0009) and C18:
0 (r=0.22, P =0.0012) that were inversely associated with insulin
sensitivity (Supplementary Tables S1, 52).

Unlike the findings regarding insulin sensitivity, most of the
associations between individual sphingolipid species and AIRg lost
statistical significance after Bonferroni correction for multiple
the
sphingomyelins C28:0 and C30:1 (Table 2; Supplementary Table

(Supplementary Table In contrast, positive

testing, except for association with  very-long-chain
S2). Plasma levels of total very-long-chain sphingomyelins were
significantly associated with AIRg (r = —0.27, P < 0.0002). In
contrast, total plasma levels of sphingolipids and major
species (ceramides, monohexosylceramides, sphingosine) were
not  significantly  associated ~ with  insulin  secretion
(Supplementary Table S2).
Plasma levels of very-long-chain sphingomyelins C28:0, C28:
1, C30:1 showed concurrent associations with insulin sensitivity
0.31-0.34; P = 0.0004 - <0.0001) and AIRg
-020 to -0.27; P = 0.004 - <0.0001) (Figure I;
Supplementary Tables S1, S2).
Plasma levels of sphingomyelin C16:0 showed
nominal associations with HOMA-IR (r = 0.18, P = 0.038)
and HOMA-B (r =0.23, P = 0.009), as did sphingomyelin C34:

0 with HOMA-B (r = 0.18, P = 0.036. However, the

¢ =
r =
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FIGURE 1
Association of plasma very-long-chain sphingomyelins with insulin sensitivity (Si-clamp {umol/kg fat-free mass/min.pM™1}) (A-C) and acute
insulin secretory response to i.v. glucose (AIRg) (D-F) in healthy, normoglycemic adults.

TABLE 3 Correlation of adiposity and glycemic measures with sphingolipid species significantly associated with insulin sensitivity or insulin secretion.

Sphingolipid species Waist
circumference
P

MHC C34:0 -0.17 0.0075 -0.14 0.026 -0.14 0.028 -0.14 0.026 -0.19 0.0043
SM C28:1 -0.18 0.0062 -021 0.0015 0.06 038 -0.08 0.21 -0.03 0.66
SM C28:0 -0.14 0.030 -0.14 0.032 0.02 0.74 -0.16 0.017 -0.02 0.77
SM C30:1 -0.18 0.0042 -0.19 0.0030 0.05 045 -0.11 0.090 -0.04 0.57
SM C30:0 -0.17 0.010 -021 0.0012 -0.09 0.19 -0.23 0.0003 -0.11 0.11
SM C32:0 -0.16 0.011 -0.23 0.0004 -0.13 0.041 -0.13 0.048 -0.17 0.0084
SM C34:0 -0.13 0.046 -0.14 0.038 -0.03 0.66 -0.17 0.010 -0.05 0.44
VLC SM -0.17 0.0080 -0.19 0.0039 0.01 0.83 -0.16 0.015 -0.04 0.50

FPG, fasting plasma glucose; 2hrPG, two-hour plasma glucose; MHC, monohexosylceramides; SM, sphingomyelin; VLC, very long chain.

associations were not significant after correction for
multiple testing. The other sphingolipid species assessed in
the present study showed no association with HOMA-IR or
HOMA-B.

There were no significant differences by sex or race/ethnicity
in the measured sphingolipid species. Further, the observed
associations between sphingolipid species and insulin
sensitivity and insulin secretion were consistent across race/

ethnicity and sex.
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Association with metabolic variables

Table 3 shows some metabolic correlates of the individual
sphingolipid that exhibited significant
associations with insulin sensitivity or insulin secretion. In

plasma species
general, the very-long-chain sphingomyelins and very-long-
chain monohexosylceramide C34:0 that were positively
associated with insulin sensitivity showed inverse correlations

with waist circumference and BMI (Figure 2; Table 3). The very-
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FIGURE 2

Association of plasma very-long-chain sphingomyelins with body mass index (A—C) and waist circumference (D—F) in healthy,

normoglycemic adults.

long-chain monohexosylceramide C34:0 and other very-long-
chain sphingomyelin species also were inversely correlated with
fasting plasma glucose, 2-h plasma glucose or hemoglobin Alc
levels (Table 3).

Discussion

Among our healthy, normoglycemic study participants,
circulating levels of very-long-chain sphingomyelins correlated
positively with insulin sensitivity and inversely with insulin
secretion. Remarkably, few of the 58 individual sphingolipid
species analyzed in the present study exhibited concurrent
associations with insulin sensitivity and insulin secretion, after
correction for multiple testing. Directionally, our findings suggest
that the association of very-long-chain sphingomyelins with
higher insulin sensitivity might be a primary phenomenon
that resulted in a compensatory decrease in insulin secretion.
It is physiologically less likely that a primary decrease in insulin
secretion would trigger an increase in insulin sensitivity.
Generally, improvements in insulin action result in decreased
insulin demand (secretion).

The
sphingomyelins with insulin sensitivity suggest that higher
of those
glucoregulatory profile, whereas lower levels might connote

positive  associations between  very-long-chain

levels moieties might portend a beneficial

a less favorable profile. In fact, we found that plasma levels of
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very-long-chain sphingomyelins were inversely correlated with
measures of obesity and glycemia. Thus, participants with higher
plasma levels of very-long-chain sphingomyelins were more
likely to have higher insulin sensitivity, lower BMI, waist
circumference and lower plasma glucose levels, compared with
participants with lower levels. Consonant with our findings,
lower plasma sphingomyelin levels have been linked to higher
risk of developing type 2 diabetes and prediabetes during
longitudinal follow-up [15, 32]. Interestingly, weight loss was
accompanied by post-operative increases in circulating
sphingomyelin levels following gastric bypass surgery [32]. In
a previous report, we noted modest differences in plasma levels of
some sphingolipid species in people with parental history of type
2 diabetes versus those without a family history of diabetes [32].
In general, circulating levels of ceramide, monohexosylceramide,
and sphingosine species were lower and those of sphingomyelin
species were higher in individuals with parental history of type
2 diabetes versus people without a family history of diabetes [33].

Very-long-chain fatty acids (>26 carbon chain) are
synthesized by ELOVL4 (ELOngation of Very Long chain
fatty acid 4) in the endoplasmic reticulum. The very-long-
chain fatty acids in sphingolipid classes are acylated by
ceramide synthase 3 to a sphingoid backbone to generate
very-long-chain ceramides, which are converted to very-long-
chain sphingomyelins [1-4, 34-36]. Thus, increased generation
of very-long-chain sphingomyelins is associated with decreased
abundance of very-long-chain ceramides [34]. Ceramides induce
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insulin resistance, and higher plasma levels of sphingosine have
been shown to predict prediabetes risk [7-10, 15]. Taken
together, our finding of a positive correlation between plasma
insulin
higher
sphingomyelins levels would predict a lower abundance of

very-long-chain sphingomyelins and whole-body

sensitivity ~ is  physiologically = congruent, as
toxic ceramides and sphingosine [34]. Moreover, very-long-
chain sphingolipids can regulate insulin action via their
specialized role in transmembrane signal transduction [1-10,
37-40]. Notably, exposure to hyperglycemia decreases the levels
of very long-chain sphingolipids released by cultured cells [38].

In the present study, the plasma levels of long-chain ceramide
C18:1 were inversely associated with insulin sensitivity (i.e., higher
levels indicated greater insulin resistance), whereas levels of very-
long-chain ceramide C26:0 were positively associated with insulin
sensitivity. Remarkably, no other ceramide species with fatty acid
carbon chain length C14:0 - C34:0 analyzed in the present study
showed significant associations with insulin sensitivity in our
normoglycemic cohort. Previous studies that enrolled healthy
persons and individuals with obesity and type 2 diabetes had
reported similar findings of an inverse association between plasma
levels of long-chain dihydroceramides (including C18:0, C20:0,
and C22:0) and insulin sensitivity [9, 18].

Elevated ceramide levels were once thought to be uniformly
detrimental to metabolic function through induction of insulin
resistance, lipotoxicity, and beta-cell dysfunction [5, 6, 8, 10].
of
heterogeneity in the association between individual ceramide

However, that view has been modified by reports
species and insulin sensitivity, based on acyl chain length.
Higher levels of long-chain (C16-C22) ceramides are associated
with insulin resistance, whereas very-long-chain (C > 22) ceramides
are associated with improved insulin sensitivity [40-43]. Thus, our
present findings align with the expanded understanding of the
complex relationship between ceramides and insulin signaling. A
similar dissociation between acyl chain length of ceramides and
biological effect has been reported in the cancer literature [42].
The strengths of the present study include the focus on
healthy, which the

physiological relevance of our findings. Further, we employed

normoglycemic  subjects, enhances
rigorous methodologies for the assessment of insulin sensitivity
and acute insulin secretion. We also minimized the risk of false
discovery by adjusting the significance of our data for multiple
comparisons. Furthermore, it was reassuring that the plasma
levels of the selected sphingolipid species measured in the present
study were in the same range as values reported in pooled human
plasma from healthy men and women in a representative of the
US population [44]. One limitation of our study is that we did not
include dihydro species of ceramide, monohexosylceramide,
sphingomyelins, and other sphingoid base-containing species
in our sphingolipid assays. Thus, we were unable to explore
associations of insulin sensitivity and secretion with those
unmeasured sphingolipid moieties. For example, dihydroceramide
desaturase 1-catalyzed conversion of dihydroceramides to ceramides
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has been suggested to play a role in the pathogenesis of insulin
resistance [45]. Thus, inclusion of data on dihydroceramides could
have provided a fuller picture on the relationship between
sphingolipids and insulin action.

In conclusion, among normoglycemic Black and White
adults, of the
sphingolipids (C18:1 ceramide and C18:1 sphingomyelin) were

American circulating  levels long-chain
associated inversely with insulin sensitivity, whereas the levels of
several very-long-chain sphingolipids were associated positively
with insulin sensitivity. We further demonstrate selective
association of very-long-chain sphingomyelins with insulin
sensitivity, insulin  secretion, and adiposity in our
normoglycemic adults. Our findings suggest that very-long-
chain sphingomyelins may be agents or markers of underlying

mechanisms related to optimal metabolic health.
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Abstract

Accurate identifying internal tandem duplication (ITD) mutation is
indispensable for diagnosis and prognosis of acute myeloid leukemia
(AML) patients, but specialized full-size detection tools are lacking.
Therefore, we aimed to develop a reliable system for accurate
assessment of ITD mutations of various size ranges and improve
prognosis for AML. Bone marrow samples from AML patients from
December 2021 to March 2022 were collected for methodology
establishment. After a large-scale sample testing by next-generation
sequencing (NGS), a short-read tandem duplication recognition system
based on soft-clip was established. During performance validation, the
lower detection limit was set to a parameter close to capillary
electrophoresis (“gold standard”) by adjusting reference values (sensitivity
3-5%). Data simulation was performed using the FLT3 gene CDS as wild-type
data. Methodological concordance of this system with capillary
electrophoresis was analyzed. The applicability to other pathogenic
tandem duplication mutations was validated. We have developed an
innovative NGS-based system named “ITDFinder” for accurate detection
of ITD mutations, with the lower detection limit of 4%, corresponding to a
sequencing depth of 1000X. Compared to capillary electrophoresis,
ITDFinder exhibited good consistency (mean difference: —0.0085) in
mutation detection and correlation across various length of ITD. Clinical
case validation (n = 1,032) showed an overall agreement rate of 96.5%
between the two approaches used for characterization. In addition, data
simulation results suggested that the new system could observe BCOR-ITD
and KMT2A-PTD mutations (depths, 500-1300X; mutation rates, 0.04-0.8).
The innovative mutation detection system is appropriate to small-to large-
sized ITDs and other pathogenic tandem duplication mutations, expected
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to save 96.3% of the workload. This offers significant potential for accurate
clinical assessment of ITD mutations and subsequent prognosis in AML

patients.

KEYWORDS

internal tandem duplication, next-generation sequencing, acute myeloid leukemia,
prognosis, mutation detection

Impact statement

We developed a new NGS-based pathogenic tandem repeat
mutation precision detection system named “ITDFinder” that
goes beyond capillary electrophoresis and towards multi-sized
mutation length. NGS enables identification of single nucleotide
mutations and gene mutations with lower detection limits and
provides more objective quantification of FLT3-ITD allele load,
with the advantages of short run time, low testing cost for large-
scale samples, and flexible library preparation and analysis
strategies to address the challenges of challenging genomic
fractions. The ITDFinder system has two key advantages: first,
the negative results from this ITDFinder system can be
approximately equivalent to negative capillary electrophoresis
results, eliminating the need for capillary electrophoresis
experiments (nearly 97% of these samples based on high-
validation) the NGS
experimental cycle. The ITDFinder system can also accurately

volume sample and shortening

detect tandem repeat mutation ratios in other disorders, such as
BCOR-ITD and KMT2A-PTD.

Introduction

Acute myeloid leukemia (AML) is a common malignant
hematologic neoplasm caused by complementary functional

pathogenic  gene mutations leading to uncontrolled

proliferation and maturation arrest of bone

progenitor cells. The FMS-like tyrosine kinase 3 (FLT3)-
internal tandem duplication (ITD) is one of the most frequent

marrow

mutations in AML (up to 25-30% mutation rate [1, 2]). Selection
of resistant FLT3 clones, avoidance of FLT3 inhibition, or
insufficient therapeutic response all contribute to FLT3-ITD
(3, 4].
categorization with hazard evaluation in 50-55% of AML

persistence Genetic aberrations permit accurate
Therefore, accurate identification and mutation
ITD is

indispensable for the diagnosis, treatment and prognosis

cases [5].
assessment of AML-causing genes such as
of patients.

The “gold standard” for quantifying ITD mutations in
clinical practice has been viewed as capillary electrophoresis
[6], but it solely provides data on mutation frequency and
sequence length, not other ITD-related information like the
precise sequence of the insertion or the location of the

insertion in the gene. Only complementary validation by
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Sanger sequencing could further acquire the information
mentioned above, but due to its own constraints, Sanger
sequencing is much less sensitive to detect low frequency
variations of ITD [7].

Modern advances in next-generation sequencing (NGS) have
made it viable to realize FLT3-ITD at single-nucleotide
the of
conventional approaches, and minimizing the time and

resolution, successfully ~ overcoming drawbacks
resource waste associated with nonsense mutation detection
[8, 9]. However, barriers of NGS in detecting large ITDs and
accurately reporting ITD frequencies have been reported.
Furthermore, existing methods for identifying insertions and
deletions (indels) (e.g., Pindel) can detect small-to medium-sized
ITDs, whereas large-sized ITDs (>100 bp) are frequently detected
by tools designed to detect structural variations (SVs) [8].
Clearly, tools specifically designed for ITD detection and
accurate reporting across the entire size range are lacking.

Hence, in order to develop a reliable tool for accurate clinical
assessment of ITD mutations in AML patients of various size
ranges and improve prognosis, this study set out to develop a
novel NGS-based ITD mutation detection system named
“ITDFinder” to achieve rapid detection of small-to large-sized
ITDs. The ITDFinder system would also provide comprehensive
information including accurate quantification, insertion length,
and insertion location.

Materials and methods
Sample source

Bone marrow samples from AML patients at the time of
initial diagnosis from December 2021 to March 2022 were
collected and sent to Shanghai Tissuebank Biotechnology Co.,
Ltd (China) for high-throughput screening of genes related to
hematological disorders for testing the performance of the newly
established system. The study was approved by the local ethics
committee. All participants signed an informed consent form.

NGS flow

Each sample was first captured in a certain amount of DNA
using a stacked probe, followed by NGS library construction
sequencing as previously reported [10]. Then, quality control
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filtering was performed on each input sample using Fastq
(v0.19.5, parameter -c-q30), after which the reads were
mapped to the human reference genome hgl9 using the
Burrows-Wheeler Alignment (BWA) tool v0.7.17, and the
output SAM file was compressed, sorted, and indexed through
SAMtools v1.10
performed as follows: the obtained BAM file was partially
aligned to  FLT3  exons 14-15 (1787-2024 in
ENST00000241453, 1705-1942 in coding sequence [CDS]) of
the soft-clip (SC) reads. Each SC was classified according to its

[11-13]. Finally, software analysis was

position at the beginning (sSC) or end (eSC) of the alignment
region [13-15], and then aligned returned to the target region
using local alignment, with the obtained terminal position acting
as the anchor of the reads and those scoring <50% discarded. The
section enclosed by the alignment position given by BWA and
the local alignment was the ITD candidate position determined
by means of the reads.

Dilution method

To analyze the presence of FLT3-ITD mutations, DNA and
cDNA samples were subjected to fragment analysis using PCR
followed by capillary electrophoresis. Based on the capillary
electrophoresis results from patient samples, DNA extracted
from the K562 cell line, which is known to lack the FLT3-
ITD mutation, was used to dilute the patient samples. This
created a series of diluted samples with varying ITD
proportions. For the detection of FLT3-ITD mutations, nested
PCR was performed on the prepared DNA and ¢cDNA samples.
The first round of PCR was followed by a second round of nested
PCR, which enhances the sensitivity and specificity of the
detection. The PCR products were then analyzed by capillary
electrophoresis to determine the presence and size of the ITD
mutations. PCR products containing the FLT3-ITD mutations
were selected for library preparation. Libraries were constructed
according to the manufacturer’s protocol and sequenced using a
high-throughput ~ next-generation

sequencing  platform

(e.g., Mlumina).

Establishment of a SC-based short-read
tandem duplication recognition system
Considering that SC is a prominent feature for the

occurrence of short-read tandem duplication, we first located
the position of ITD on the genome starting from SC [16].

Statistics of SC in alignment files

The BAM file records the alignment results between offline
reads and reference genomes. When aligning the reads with the
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reference genome, if one end of the reads mismatched with the
reference genome, it was recorded as a SC in the BAM file.
Information on the reads where SCs occurred in the alignment
records and their corresponding positions to the reference
genome were collected.

Positioning the beginning and end of ITD

The reads were randomly covered to each position of the
ITD, and for the reads falling on the junction of two components
of the ITD, a SC could be formed by comparison with hg19; for
the reads completely covered to both components of the ITD, an
insert could be formed by comparison with hgl9. The three
specific types of ITDs were composed of Start-type (Figure 1A),
Insert-type (Figure 1B), and End-type (Figure 1C). In this way,
the end point of the ITD could be determined.

Determination of the starting and end
points of ITDs

In accordance with experimental principles, each reads was
known to determine the starting and end points of an ITD, that
is, this ITD could be regarded as a candidate ITD, and the
corresponding reads could be considered evidence of a candidate
ITD. After filtering all candidate ITDs, the number of reads each
candidate ITD owned was calculated, and the authenticity of the
ITD was judged by the number of reads. If there were more than
two different types of reads pointing to the same ITD, the
likelihood of the position being a true ITD was high. The
matches produced due to chance sequence similarity, often
with only one-sided evidence, were recorded as “only start” or
“only end” in the result file.

Initial parameter adjustment settings

After large-scale sample testing, the following initial
parameters (thresholds) were chosen to maintain appropriate
sensitivity and specificity during alignment: min_sc_length, if the
SC or insertion was below the value, then the subsequent
alignment was excluded; the penalty points for gap_open and
gap_extend, respectively, in the alignment; min_score_ratio and
min_sc_aln_ length, respectively, representing the alignment
quality and length filtering threshold. Parameters of the
output included: base_level num, which was used to screen
for low-support ITDs and then pair different types of
evidence-based candidate ITDs; prominent_level, defined as
if above this threshold;
uncertain_threshold, a candidate ITD supported only by

high confidence positive and

unilateral evidence that was not lower than this threshold was
classified as such, otherwise it was classified as negative.
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FIGURE 1

Explanation of the principle of positioning the starting and end points of ITD. (A) Start-type: The breakpoint generating the SC suggested an end
point of the ITD (®@). Since this SC (yellow, @) corresponds to the front end of the second component of the ITD, and these two components are
identical, this SC could certainly be compared to the front end of the first component (®). In this way, the starting point of the ITD could be
determined. (B) Insert-type: Since the ITD was an additional copy of the multiplied section, its comparison with hg19 was displayed as an insert
afterwards. By aligning the inserted section near the insertion point, the starting and end points could be found. (C) End-type: The breakpoint
generating the SC could suggested a starting point of the ITD (®). Since this SC (green, @) corresponded to the back end of the first component of
the ITD and the two components were identical, this SC could certainly be compared to the back end of the second component (®).

Output results

The results satisfying the set parameters (thresholds) were
output according to the logic, as shown in Figure 2.

Performance validation

The performance validation of the detection method was
conducted by evaluating its sensitivity and accuracy in identifying
tandem duplications within a simulated dataset. We established the
lower detection limit by modifying the reference values to align with
the performance of capillary electrophoresis, setting a sensitivity
threshold between 3% and 5% (median 4%) based upon previous
studies. [17]. Data simulation was conducted via the dwgsim
program (version 0.1.11). The CDS of the FLT3 gene
(ENST00000241453) served as the wild-type reference sequence.
The CDS encompasses nucleotide locations 1705-1942, and a
tandem duplication was modelled by introducing a piece of
variable length (5-70 base pairs) at a fixed location inside the
FLT3 CDS (position 1610) of the hgl9 reference genome. This
facilitated the creation of simulated short-read tandem duplication
mutations of varying durations. The simulation was regulated with
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the -c parameter in dwgsim, which specifies the sequencing depth. A
coverage range of 900X to 1300X was applied to the simulated data,
and the impact of varied mutation rates was analyzed by combining
variable fractions of wild-type and mutant reads. The simulation
outcomes, displayed as combinations of wild-type and mutant reads,
facilitated the evaluation of detection capabilities at various mutation
frequencies and sequencing depths. This method validated the
system’s capacity to identify tandem duplications with excellent
sensitivity, even at reduced mutation rates.

Validation of the applicability to other
pathogenic tandem duplication mutations

To evaluate the system’s efficacy regarding additional
harmful tandem duplication mutations beyond FLT3-ITD, we
concentrated on haematologic malignancies and a range of
Utilising previously validated BCOR-ITD
sequences for clear cell sarcoma of the kidney (CCSK), we

tumour  types.

produced simulated data for four sequence types employing
dwgsim v0.1.11 software [18]. We investigated histone-lysine
N-methyltransferase 2A (KMT2A)-partial tandem duplication
(PTD) as a prospective therapeutic target and biomarker for
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minimum residual disease in acute myeloid leukaemia (AML)
and myelodysplastic syndrome (MDS). [19]. A recent
investigation yielded 25 clinically validated KMT2A-PTD
sequences, from which four were randomly selected for the
creation of simulation data. We established varying
sequencing depths for each sequence class, specifying
mutation rates for each gradient. Each simulation was
conducted five times to verify reliability. This methodology
illustrates the system’s wider application to other pathogenic
tandem duplications, hence augmenting its utility in

clinical contexts.

Statistical analysis

Count data were described using absolute frequencies and
percentages. Bland-Altman plots, scatter plots and mosaics were
generated to analyze the methodological agreement of this new
system with capillary electrophoresis. All statistical analyses were
performed with GraphPad Prism 8 and R (4.2.0) software.

Results
Presentation form of the new system

We developed an innovative NGS-based system named
“ITDFinder” for accurate detection of pathogenic tandem
duplication mutations. The presentation of tandem duplication
region reads in positive samples in Integrative Genomics Viewer
is shown in Figure 3A. In addition, a FLT3-ITD had multiple
mutation items with consecutive insertion positions. An example
of the output file for positive sample results reported by the
ITDFinder system was displayed in Figure 3.

Performance evaluation of the
new system

Lower detection limit

When the mutation rate of the test samples was below 4%,
some of the samples were not detected (marked in red), whilst the
mutation rate above 4% could be detected, thus the lower
detection limit of the system was 4%, corresponding to a
sequencing depth of 1000X (Table 1).

Methodological consistency comparison

The mean difference between the mutation rate detection results
of the ITDFinder system and capillary electrophoresis was —0.0085
(range, —0.1835 to 0.1644), indicating that ITDFinder was in good
consistency with capillary electrophoresis and feasible for ITD
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quantification (Figure 4A). In addition, there was a good
correlation between the length of ITDFinder and capillary
electrophoresis, indicating that ITDFinder has the ability to
detect multiple sizes of ITDs (Figure 4B).

Clinical case validation

Among the 1,032 clinical samples used for validation,
51 samples (4.94%) were completely consistent with the positive
capillary electrophoresis validation by the ITDFinder system, all of
which were positive. Of the remaining samples with negative
capillary electrophoresis verification results (n = 981), 96.3% were
recognized as negative by ITDFinder, with the two methods in
agreement; 3.4% were identified as positive by ITDFinder,
contradicting the capillary electrophoresis verification results; and
the remaining 0.3% were inconclusive (Table 2). Thus, the overall
between the two
characterization was 96.5%. It was assumed that the both ways

agreement rate approaches used for
are equivalent in most cases of determination, but the ITDFinder
system can additionally identify positive mutation cases that cannot
be measured by means of capillary electrophoresis.

The above results also indicated that ITDFinder was expected
to save 96.3% of the workload (i.e., its determination results were
used directly without capillary electrophoresis verification), while
the remaining 3.7% of the samples were categorized as negative

for capillary electrophoresis verification (meaningless retest).

Validation of the applicability of the new
system to BCOR-ITD and KMT2A-PTD

Using clinically validated typical ITD mutations in
hematologic and non-hematologic diseases that have been
mentioned as simulation objects, the above ITD sequences
were made into simulation data and used to verify the
applicability of the ITDFinder system to ITDs other than
FLT3-ITD. Based on the data simulation results, ITDFinder
can observe BCOR-ITD (Figure 5) and KMT2A-PTD
mutations (Figure 6) with mutation depths in the vary of
500-1300X and mutation rates in the range of 0.04-0.8.
Together with the aforementioned results, they collectively
demonstrated that ITDFinder is a reliable tool specifically for
ITD detection, not only for full-sized ITD mutations including
FLT3-ITD, but also for mutations with longer sequences (e.g., PTD).

Discussion

In the present study, we developed an innovative NGS-based
pathogenic tandem duplication mutation precision detection
“ITDFinder”,  beyond  capillary
electrophoresis and towards multi-sized mutation length.

system, called as
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S1_55 chr13 = 28608218 55 paired_start_end 22 19 0 41
FIGURE 3

Example of redundant FLT3-ITD lists generated by the new system. (A) Integrative Genomics Viewer screenshot of a positive sample (FLT3-ITD

of 20 bp at chrl3: 28,608,256-28,608,276). Reads covering ITD are marked as colored SC. The colored strips on either side of the dashed line
represent the SC segments, and the part between the two dashed lines represents the short-read tandem duplication region. The black dotted line
represents the left and right breakpoints formed by aligning these reads to the reference genome, and the sequences between the two
breakpoints represent the duplicated fragments. (B) FLT3-I1TD lists detected by the new system. Terms in the header are explained as follows: chr
represents the chromosome name; pos represents absolute chromosome position; length ITD represents the length of ITD; description represents
the type of reads supporting this ITD; start count represents the count of Start-type reads; end count represents the count of End-type reads; insert
count represents the count of Insert-type reads; and total count represents the total number of reads supporting this ITD.
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TABLE 1 Validation results of the lower detection limit of this new system.

10.3389/ebm.2025.10128

ITD length Simulated sequencing depth (X) Mutation rate (%)
4 6 8
1100 26 45 61 76 80 209
1300 24 55 66 96 113 220
10 900 15 31 43 66 53 150
1100 13 29 49 83 78 203
1300 25 44 66 80 103 249
20 900 Below threshold 22 45 65 68 167
1100 16 35 34 75 100 213
1300 17 42 63 91 123 246
30 900 Below threshold 27 46 65 57 164
1100 15 37 59 94 96 209
1300 Below threshold 42 71 86 119 252
40 900 Below threshold 14 38 65 92 172
1100 Below threshold 33 59 72 100 208
1300 Below threshold 39 63 92 121 225
50 900 22 33 31 57 89 165
1100 11 42 56 71 87 218
1300 13 48 70 107 120 222
60 900 12 34 43 69 88 155
1100 Below threshold 29 64 83 99 215
1300 12 49 75 98 121 213
70 900 Below threshold 30 52 56 81 195
1100 17 38 58 81 105 204
1300 13 49 82 87 124 237

Since AML with FLT3-ITD mutations yields a high prevalence,
rapid relapse rate, and generally poor prognosis, their early
identification does have a considerable potential to ameliorate
the aforementioned events [20-23]. Furthermore, ITD is the
most common type of FLT3 mutation in AML patients, raising
the bar for understanding FLT3-ITD and, by extension, AML
pathogenesis [24].

Given the nature of heterogeneity, routine AML screening
relies on a variety of technical equipment at the cytogenetic and
molecular levels. NGS technology, amongst others, obtains and
validates results comparable to many conventional molecular
and cytogenetic analyses by means of inspecting the giant
quantity of genomic information obtained in a single assay
with extensive use of multiple bioinformatics algorithms [25].
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Compared with regular capillary electrophoresis, NGS allows the
identification of single nucleotide and gene mutations with lower
detection limits and presents more objective FLT3-ITD allele
load quantification, with the benefits of short running time, low
fee of large-scale pattern detection, and flexible library
preparation and analysis strategies to tackle the challenges of
difficult-to-sequence genomic fractions [26, 27]. In this study,
FLT3-ITD was detected based on NGS, which could assist
apprehend the genetic mutation composition of AML, in turn
guide the classification of AML by mutation, and is expected to
more accurately combine FLT3-ITD with adverse prognosis in
AML patients [5].

The and length of ITD mutations
heterogeneous and vary by patient. Research has shown that

sequence are
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Comparison of the methodological consistency of this new

system with capillary electrophoresis. (A) The difference of NGS

and CE. (B) CE length.

longer ITD in patients with positive FLT3-ITD mutations is
associated with shorter overall survival and relapse-free survival
[28]. Current study found a poor correlation between risk and
high mutation load in the FLT3-ITD mutation subgroup [29].
In contrast, the existing detection tools suffer from poor
accuracy, inapplicable to low-frequency variants, and
FLT3-ITD

detection by NGS is challenging primarily because standard

unable to notice larger ITD frequencies.
bioinformatics algorithms are not optimized for large
insertion/deletion (>20 bp) detection. Upon optimization
and validation, the NGS system was found to be 100%
consistent in detecting FLT3-ITD in presence of variable
[6]. Due to the

dependence of small- and large-sized ITDs on the detection

size (3-231 bp) and insertion sites

of insertion and structural mutations, neither of them could be
achieved with currently available software [5]. Hence, in order
to settle these issues, ITDFinder for accurate detection of
FLT3-ITD mutations was created, based on the NGS data
collected from existing AML samples, which can rapidly
detect full-size ITD mutations, and negative results can be
directly used as a reference after comparison with capillary
electrophoresis. According to reports, an increase in the
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TABLE 2 Comparison of the qualitative results of this new system with
capillary electrophoresis for clinical samples.

Capillary
electrophoresis (CE)

Positive  Negative

N %

New system | Positive 51 100% = 33 (FP) | 3.4% (FPR) 84
Negative ‘ - - 945 ‘ 96.3% 945 ‘
Uncertain | - - 3 ‘ 0.3% 3 ‘

Total 51 | 100% = 981 ‘ 100% 1032 ‘

FP, false positive; FPR, false positive rate.

frequency of FLT3-ITD mutations in refractory AML
predicted a decrease in complete remission rate and overall
survival rate after relapse [30]. Therefore, precise detection of
ITD mutations using NGS may provide a basis for studying
the molecular mechanisms of refractory or relapsed leukemia,
and open up a new perspective for dynamic risk assessment of
AML. Notably, both FLT3-ITD and KMT2A-PTD in AML
patients involve the adverse outcome-related molecular
features [31]. Recent evidence emphasizes that considering
KMT2A-PTD mutations as a potential adverse prognostic
factor for AML patients [32]. Therefore, we confirmed the
performance of the ITDFinder system for the detection of
other types of ITD (i.e., BCOR-ITD) and PTD (i.e., KMT2A-
PTD) through simulated data.

Importantly, by comparing eight available and most
representative software platforms for detecting FLT3-ITD
(Table 3) [9, 33-40], it is not difficult to see that the
of the be addressed
through our tool ITDFinder. Specifically, ITDFinder has
percentage of

shortcomings above tools can
the ability to accurately determine the

tandem repeat mutations in multiple diseases, not
limited to AML. In addition, it can quickly identify
both large and small ITD mutations; its short runtime
allows it to identify full-sized ITD mutations, such as
FLT3-ITD.

Overall, ITDFinder has two significant advantages. First,
negative results achieved with ITDFinder are roughly
equivalent to negative capillary electrophoresis results,
thereby removing the necessity for capillary electrophoresis
experiments (almost 97% of samples based on high volume
validation) and shortening NGS cycle times. Additionally, as a
system specifically designed for ITD detection, it is
additionally appropriate for accurate detection of tandem
duplication mutation ratios in different diseases, which
includes BCOR-ITD and KMT2A-PTD. The former is
essential for the diagnosis and therapeutic strategy of CCSK

[18]; and the latter is valuable as an AML causative gene in the
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Validation of the applicability of this new system in BCOR-ITD mutation detection. Each box indicates each repetition; different colors indicate
different preset mutation frequencies in the range of 0.04-0.8. (A) Reptition 1, (B) Reptition 2, (C) Reptition 3, (D) Reptition 4.

dynamic monitoring of tumor burden and can be used as one The limitation of the ITDFinder system is that it cannot
of the markers of disease onset, progression and clonal fundamentally improve the limitation of the NGS technology’s
evolution [37, 41]. filtering operation, which may change the ratio of normal reads
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to wild-type reads, often leading to uncontrollable errors in the improved. Further and substantial advancements in this field
results, ambiguous judgments on the normal or mutant type of may be achieved in the future by attempting to utilise approaches
reads [42], leaving its ability to calculate accurately to be such as triple sequencing [42].
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TABLE 3 Representative software programs for detecting FLT3-ITD.

Tool

Pindel [33]

Theory

Split-read strategy using a pattern
growth algorithm

Strength

- Ability to detect breakpoints of large deletions and
medium-sized insertions from paired-end short reads
- Ability to detect short (10-200 bp) tandem
duplications and structural variants

10.3389/ebm.2025.10128

Limitation

- Low frequency of detected mutations

ITDetector [34]

ITDseek [35]

Assembly strategy

Soft-clipping with the alignment
information

- effective avoidance of deviations caused by alignment
errors

- Reporting all insertions of FLT3 exons 14 and 15 in
the result as itds

- Dependent on the -M parameter of BWA-MEM to
mark shorter split hits as secondary

- Inability to detect ITDs with more than two
duplicates

- Only for somatic ITD detection, not for
germline detection

- Lack of research or evaluation on unreported
hybridization capture sequencing data

- Inability to differentiate shorter insertions and
tandem repeats

getITD [36]

ScanITD [37]

High-quality sequencing reads aligning
to the reference genome to identify
insertions

Soft-clipping with the alignment
information

- Detecting and fully annotating all tested itds
- Achieving 100% sensitivity and specificity

- The string rotation method, distinguishing between
insertions of new sequences and duplications of
genome sequences

- Inability to parse large files, requiring manual
extraction of reads in a certain region

- The upper limit of detected ITD length affected
by sequencing data length

- Inability to detect complex types of FLT3-ITD

FLT3_ITD_ext
[38]

Central clustering-based greedy
algorithm SUMACLUST

- Ability to effectively solve the shortcomings of
existing methods that underestimate mutation
frequency

- Inability to identify large, purely non-templated
insertions

ABRA2 [39] Assembly strategy - Good performance on short Indels and FLT3 ITDs | - Significantly delay in result generation, owing

with <100 bases to the increased processing time caused by
compute resource

FiLT3r [9] k-mers - Ability to detect duplications in any gene once the | - Inability to detect duplications that would
reference sequence is known occur at the beginning or end of a read
- More precise (neither false-positive nor false-
negative)

Conclusion Data Supervision: X-NT; Data Visualization: Y-XL; Supervising:

The ITDFinder accurate detection of

pathogenic tandem duplication mutations is equivalent to

system for

capillary  electrophoresis assays in most cases of

determination and can additionally identify positive
mutation cases that cannot be measured by the assay,
saving 96.3% of the workload. ITDFinder is capable of
detecting not only full-size ITD mutations including FLT3-
ITD, but also PTD mutations, and offers significant potential
for accurate clinical assessment of ITD mutations in AML
and

patients, risk,

therapy options.

predicting  prognostic optimizing
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Abstract

COVID-19 booster vaccinations are needed to enhance waning immunity and
the emergence of new variants. In Africa, where COVID-19 vaccine coverage is
low, there is a paucity of data on COVID-19 vaccine-induced immunity,
particularly in the post-omicron era. This study examined the functional
activity of vaccine-induced antibody responses against different variants
before and after booster vaccinations in adults in Ghana, between
November 2022 and February 2023. SARS-CoV-2 nucleocapsid protein and
spike receptor binding domain (RBD) antigen-specific IgG levels against
different viral variants were determined in plasma. Plasma was tested for the
ability to inhibit ACE-2 binding to RBD variants. N antigen-specific antibody
levels were comparable between vaccinated and previously infected, but
unvaccinated individuals. However, RBD IgG levels before booster
vaccinations were significantly higher in vaccinated participants than in
exposed, unvaccinated individuals, except for Omicron. RBD IgG levels
remained unchanged after the booster in participants with three prior
vaccine doses but were significantly higher than in those with only primary
vaccinations (Wild type p = 0.0315, Alpha p = 0.0090, Beta p = 0.0020, Deltap =
0.0040) except Omicron (p = 0.09). Participants who received the Pfizer-
BioNTech vaccine showed a significant increase (p < 0.05) in RBD IgG levels
against all tested variants from baseline to 3 months. In contrast, participants
who received the J&J vaccine only showed a significant increase in RBD IgG to
Wildtype (p = 0.04), Alpha (p < 0.0001), and Beta (p < 0.0001), but not Delta and
Omicron. The inhibition of ACE-2 binding and live virus neutralization titers
were significantly higher in vaccinated individuals than in unvaccinated
individuals before the booster (p < 0.001). Virus neutralization titers against
Wildtype were significantly high 3 months after booster (p < 0.001), but
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neutralization titers against Omicron remained stable from baseline to 3 months
after booster. Extended interval between vaccinations may enhance vaccine-
induced antibody responses.

KEYWORDS

COVID-19 vaccination,

COVID-19
Impact statement

Information on COVID-19 booster vaccine-induced
immunity and the timing of booster vaccination for enhanced
immunity against emerging viral variants in sub-Saharan Africa
is scanty. This study provides knowledge on the efficacy of
COVID-19 booster vaccines specifically within the African
population by examining the functional activity of vaccine-
induced antibody responses against different.

SARS-CoV-2 variants. This work offers new insights into
COVID-19 vaccine effectiveness and durability in Ghanaian
adults, showing that booster doses enhance antibody levels
and cross-reactive responses, though they have limited impact
on omicron-specific responses. It also finds that Pfizer-BioNTech
’s mRNA vaccine is more effective than the J&J vaccine in
boosting antibody responses. Our data supports extended
dosing intervals for enhanced vaccine-induced responses. This
finding has implications for guiding vaccination policies and
resource allocation in resource-limited settings.

Introduction

The global of COVID-19
significantly reduced mortality rates during the SARS-CoV-

administration vaccines
2 pandemic [1]. Vaccination further reduces the risk of severe
disease [2-5], hospitalizations [6-8] and post-disease conditions
[9, 10]. However, declining immune response following both
natural infections and vaccinations, along with the emergence of
viral variants with enhanced transmission, necessitates booster
vaccinations to enhance and/or maintain immunity. In many
advanced countries, additional booster vaccinations have been
recommended. A meta-analysis examining the declining efficacy
of COVID-19 vaccines by the number of doses against the SARS-
CoV-2 Delta and Omicron variants found that protection is
significantly enhanced and more durable after booster
vaccinations compared to primary vaccination [11]. However,
there remains a significant knowledge gap regarding the
durability of vaccine-induced immune responses after booster
vaccinations within the broader sub-Saharan African (SSA)
population. Understanding the longevity of these immune
responses within populations is crucial for informing
vaccination strategies to mitigate future epidemics.

Several studies among Africans demonstrate that even

among HIV uninfected individuals, there is chronic immune
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dysregulation when compared to other populations [12-15]. This
observation is characterised by low CD4* T cells count and a
skewed CD4/CD8 ratio. Immune dysregulation is largely
[12, 16]. A key
infection with helminths which

triggered by environmental factors
environmental factor is
attenuate responses to parasitic [17], bacterial [18, 19] and
viral infections [20]. Similarly, helminth-driven immune
dysregulation has been found to negatively affect vaccine
efficacy in African populations [21, 22]. Helminth-infected
individuals elicit reduced vaccine-induced immune responses
against malaria [23], tetanus toxoid [24], and Bacillus Calmette-
Guérin (BCG) [25]. The mechanisms by which co-infections
attenuate vaccine-induced immune responses include systemic
immunosuppression [26], depletion of immune cells [21] and
increased activation of immune tolerogenic signals [22].
Earlier studies on both mRNA and adenoviral-vectored
COVID-19 vaccines revealed high vaccine immunogenicity
among African adult populations [27-30], comparable to
studies from developed countries and other low- and middle-
income countries (LMICs) with similar demographics. These
studies demonstrated heightened antibody responses in
previously infected individuals compared to those in infection-
naive individuals. However, these studies primarily reported on
binding antibody titers and did not assess the functionality of
vaccine-induced antibodies, such as virus-neutralizing antibody
titers. Neutralization assays estimate the ability of circulating
virus-specific antibodies to prevent viral entry into the host cells.
Serum neutralizing antibody titers have been shown to strongly
correlate with protection in both clinical and animal studies
[31-33]. ACE-2 inhibition assays are surrogate neutralization
assays that quantify the capacity of antibodies to block the
binding of the SARS-CoV-2 spike protein to ACE-2 [34].
Together, these assays provide insights into the quality of
vaccine-induced humoral responses and potential vaccine
the

dynamics of immune responses to heterologous vaccination

efficacy beyond antibody magnitude. Furthermore,
regimens after additional booster shots in SSA populations
remain poorly understood.

Ghana was the first African country to receive nCoV-Chadox
1 (Oxford/AstraZeneca) vaccines from the COVID-19 Vaccines
Global Access (COVAX) facility, a platform created to ensure
equitable access to vaccines. mRNA-based (Pfizer-BioNTech
BNT162b2 and Moderna mRNA-1273) and

vectored [Sputnik V and Johnson & Johnson (J&J)] vaccines

adenoviral-

were introduced to the public as they became available. While the
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mRNA, AstraZeneca, and Sputnik V vaccines were administered
in two doses, the J&J vaccine was primarily given as a single dose.
Due to the logistical challenges in vaccine supply, the Ghana
Health Service endorsed the use of different COVID-19 vaccines
for the two-dose regimens, depending on the availability of
vaccines in the country.

The population level COVID-19 vaccine efficacy within the
African population outside clinical trials is unknown. Additionally,
the impact of parasitic and other viral coinfections on vaccine-
induced immune responses remains poorly defined.

In the present study, we examine the functional activity of
COVID-19 vaccine-induced antibody responses against various
SARS-CoV-2  variants
vaccinated and unvaccinated Ghanaian adults with prior
SARS-CoV-2 infection.

after booster vaccinations among

Materials and methods
Study design and participant

The present study was conducted between November 2022 and
February 2023. Previously vaccinated individuals >18 years who
were willing to receive COVID-19 booster vaccines were enrolled in
the study. Participants were recruited after informed consent, from
vaccination centers around the University of Ghana, Legon, and its
environs in the capital city, Accra. Blood samples were collected
from participants before the last booster vaccination and 3 months
after receiving the booster vaccination. Blood samples from
unvaccinated individuals who were COVID-19-positive, either by
PCR or rapid diagnostic test, were used as controls. Control samples
were collected in April 2021 before the mass vaccination campaign
was launched in Ghana. The samples were used as naturally exposed
unvaccinated controls to examine vaccine-induced responses in
naturally exposed individuals, as exposure was high in the study
population. We randomly selected archived samples for which
sufficient biological material was available for all assays. For all
participants, blood was drawn into heparinized tubes and
centrifuged at 800 x g for 5 min to separate plasma from the
cellular fraction. Plasma was stored at —30°C until ready for use.

SARS-CoV-2 antigens

The nucleocapsid (N) antigen used in the study was
expressed in Escherichia coli, while the receptor binding
domain (RBD) of the spike protein of the ancestral strain was
expressed in freestyle 293F cell systems as described elsewhere
[18, 35]. Alpha and Beta RBD were optimized for expression in
the ExpreS2 platform as described [9, 36]. Delta RBD (Sino
Biological # 40592-V08HI115) and Omicron RBD (Sino
Biological # 40592-V08H143) expressed with a
polyhistidine tag at the C-terminus in HEK293 cells.

were
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Enzyme-linked immunosorbent assay for
SARS-CoV-2 antigens

An indirect ELISA was used to measure plasma antigen-
specific IgG to N and RBD of the various SARS-CoV-2 variants
as previously described [37, 38]. Nunc Maxisorp plates were
individually coated with either 0.5 pg/mL of N antigen,
Ancestral RBD, Alpha RBD, and Beta RBD or 1 pg/mL of
Delta RBD and Omicron RBD at 4°C overnight. Plates were
then washed with 0.05% Tween in PBS and blocked with 1%
BSA in PBS for an hour at room temperature (RT) before use.
Subsequently, plasma was added to the wells in duplicate at a
dilution of 1:100 for all antigens and incubated for 1 h at RT. Plates
were washed and HRP-conjugated rabbit anti-human secondary
antibody (1:3000) was added and incubated at RT for 1 h. Wells
were developed by adding 3,3',5,5 -tetramethylbenzidine (TMB)
as substrate and stopped with 2 N H,SO,. Absorbance in each well
was read at 450 nm using a microplate reader.

To establish a cutoff for seropositivity against any antigen, pre-
pandemic samples were included in the assay as negative controls,
and the COVID-19 convalescent plasma pool was used as a positive
control. Positive and negative controls were included on each plate
to account for plate-to-plate and inter-assay variations.

SARS-CoV-2 inhibitor screening

Plasma from a subset of participants (vaccinated n = 21,
unvaccinated n = 55) was screened for its ability to inhibit
ACE-2 binding to RBD variants using the SARS-CoV-2 Variant
Inhibitor Screening Kit (R&D Systems, #VANCO00B) following the
manufacturer’s protocol. Briefly, 96 well plates were coated with
His-Tag capture antibody and incubated at 4°C overnight. The
plates were washed and blocked for 1 h at 37°C. RBD variants (wild
type, alpha, delta, and omicron) were added to different wells in
plates and incubated for 1 h at RT. After incubation, the plates were
washed, plasma was added to the wells at a dilution of 1:100 and
then incubated for 1 h at RT. Biotinylated human ACE-2 was added
to wells followed by 90 min incubations. Following washing,
streptavidin-HRP conjugate was added to plates and incubated
for 30 min at RT. The plates were washed, substrate solution added,
followed by incubation at RT for 20 min. The reaction was stopped
with 2 N H,SO, and the absorbance was read at 450 nm.

Plague reduction neutralization test

The same plasma from vaccinated individuals (n = 55) tested
in the ACE inhibition above was also tested in a live virus
neutralization assay against the wild-type and Omicron viral
variants (BEI Resources; National Institute of Allergy and
Infectious Diseases) as described previously [39]. In summary,
the isolates were diluted to 50-100 plaque forming units/200 L in
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TABLE 1 Characteristics of vaccinated and unvaccinated participants.

10.3389/ebm.2025.10440

Variables Vaccinated Unvaccinated P - value
n 86 36
’ Age, yr, n (%)
18-25 48 (55.82) 12 (33.33) p = 0.004
26-35 22 (25.58) 7 (19.44)
36-45 8(9.3) 9 (25)
46-60 8(9.3) 8 (22.22)
’ Sex, n (%)
Female 31 (36.05) 22 (64.71) p = 0.003
Male 55 (63.95) 12 (35.29)
‘ Previous vaccination, n (%)
AstraZeneca 40 (46.51) n. a
1&J 19 (22.10)
Moderna 15 (17.44)
Pfizer 9 (10.47)
Others 3(3.49)
Number of previous vaccine doses n (%)
1 19 (20.10) n.a
2 52 (60.47)
3 15 (17.44)
Time since first vaccine dose, days mean (range) 461 (45-734) n.a

Time since first vaccine dose, days mean (range)

372 (45-666)

Abbreviation: n.a, not applicable.

minimum essential medium supplemented with 2.5% heat
inactivated fetal calf serum (viral growth medium). Test
plasma was heat inactivated at 56°C for 30 min and 2-fold
serial dilutions prepared starting from a dilution of 1:40. The
diluted plasma was added to equal volumes of diluted virus and
incubated for 1 h. The plasma-virus culture was next added to
Vero E6 cells and incubated at 37°C for 2 h. Virus-only
mixtures were used as controls. Following virus aspiration,
cells were overlaid with virus overlay medium by mixing equal
volumes of 2x antibiotic-containing virus growth medium and
2% agarose gel and incubated at 37°C for 48 h. Cells were fixed
with 4%formaldehyde overnight at 4°C. subsequently, the
overlay was removed, and cells were stained with 0.5%
crystal violet for 2 min, washed, and dried. Plaques were
enumerated to  estimate 80%  plaque reduction
neutralization titers (PRNT80). We determined PRNTS80 as
a more stringent reduction threshold to detect robust
protective neutralization titers and reduce the risk of
background cross-reactive antibodies
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Statistical analysis

Statistical analyses were performed using GraphPad Prism
software version 10.0. The Kruskal-Wallis test was used to
compare IgG levels between the groups. Two-way ANOVA
was used to compare IgG levels before and after vaccination
All
comparisons were two-tailed and P values < 0.05 were

between and within different participant groups.

regarded as statistically significant.

Results
Patient characteristics
This study recruited 86 vaccinated individuals between

2022 and February 2023. The
participants comprised 31 females and 55 males with an age

November vaccinated

range of 18-60 years (Table 1). Most volunteers were aged-18-25
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FIGURE 1

SARS-CoV-2-specific IgG levels in vaccinated and unvaccinated adults. Data plots showing plasma N antigen levels (A), and plasma RBD IgG
levels against Wild type (B), Alpha (C), Beta (D), Delta (E), and Omicron (F). Bars indicate the median and error bars represent the interquartile range. P
values <0.05 are stated on the graphs. Unvaccinated controls were designated as those who received zero vaccine doses

(55.82%). At enrolment, the vaccinated participants had
previously received at least one shot of one vaccine type,
including AstraZeneca (46.51%), J&J (22.1%), Moderna
(17.44%), Pfizer-BioNTech (10.5%). The
number of days from the primary vaccination to baseline

or mean
sampling was 461, ranging from 45 to 734 days. The mean
number of days from the last vaccination to baseline
sampling was 372, ranging from 45 to 666 days, and was
significantly higher among participants who had received
two vaccine doses than among those who had received only
one dose in the study (Supplementary Figure S1). The

unvaccinated  controls  were  previously infected
individuals with a confirmed RT-PCR or antigen-RDT
diagnosis, who were enrolled in a related study

in March 2021.

Experimental Biology and Medicine

71

SARS-CoV-2 RBD-specific antibodies are
boosted with vaccination in naturally
exposed individuals

Previous seroepidemiological studies in Accra and its
surrounding areas found high SARS-CoV-2 exposure among
the general population [40]. Thus, we first measured antibodies
against the nucleoprotein (N) in plasma from all study
they
vaccination and plasma from individuals with confirmed
SARS-CoV-2 collected in 2021
unvaccinated controls. Plasma N antigen-specific IgG levels

participants at baseline, before received  booster

were also included as
were comparable between vaccinated individuals who had
received at least a single dose of COVID-19 vaccine and
exposed unvaccinated individuals (p = 0.2095 (Figure 1A). In
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FIGURE 2

SARS-CoV-2 RBD levels before and 3 months after booster vaccinations. Data plots showing plasma RBD IgG levels against Wild type (A), Alpha

(B), Beta (C), Delta (D), and Omicron (E). Bars indicate the median and error bars represent the interquartile range. Line plots showing RBD IgG levels
before and 3 months post-booster vaccination against Wild type strain (F), Alpha (G), Beta (H), Delta (1), and Omicron (J) variants. Participants are
grouped based on the number of COVID-19 vaccines they had received before receiving the additional booster vaccination. Blue-filled circles

and orange-filled squares represent IgG levels at baseline and month 3 respectively. Comparisons were done before and after across the number and
vaccines received. P values <0.05 are stated on the graphs are stated on the graphs.

contrast, RBD antibodies against the different viral strains
(Figures 1B-E) were significantly higher (p < 0.0001) in the
vaccinated participants at enrolment when compared to exposed,

unvaccinated individuals, except for Omicron (p =
0.1161, Figure 1F).
We determined levels of vaccine-induced antibody

responses, 3 months post-booster administration. Plasma
collected before, and after, booster vaccinations were tested
for antibodies against RBD antigens from the five SARS-CoV-
2 variants. Plasma RBD-IgG levels increased significantly
3 months after the booster vaccination for Wild type (p <
0.0001), Alpha (p < 0.0001), Beta (p = 0.0003), Delta (p =
0.0012), and Omicron (p = 0.0190) (Figures 2A-E).

More granularity was achieved when participants were then
grouped based on the number of COVID-19 vaccine doses they
had received prior to the additional booster (Figures 2F-]). There
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was no significant difference between RBD IgG levels at baseline
and 3 months after the booster, for all tested viral strain
antigens (Wild type p = 0.64, Alpha p = 0.95, Beta p = 0.99,
Delta p = 0.91, Omicron p = 0.89) in participants who
received only a single dose of the COVID-19 vaccine. In
contrast, individuals who had received two vaccine doses and
the booster showed a marked increase (Wild type, Alpha,
Beta, p < 0.001, Delta p = 0.0006, Omicron p = 0.003) in RBD
IgG levels against all viral strain antigens. Similar results
were observed 3 months post booster in participants with
three prior vaccine doses except for Omicron (p = 0.80), RBD
IgG levels increased modestly after the booster. However, for
the other viral variants, RBD IgG levels were significantly
higher than in those with only primary vaccinations (Wild
type p = 0.032, Alpha p = 0.009, Beta p = 0.002, Delta
p = 0.004)
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Comparative RBD IgG levels between participants receiving Pfizer-BioNTech and J&J vaccine. Line plots showing RBD IgG levels before and
3 months post booster vaccination against Wild type (A), Alpha (B), Beta (C), Delta (D), and Omicron (E) variants. Participants are grouped based on the
type of booster vaccine they received. Blue-filled circles and orange-filled squares represent IgG levels at baseline and month 3 respectively. P

values <0.05 are stated on the graphs.

BNT162b2 Pfizer/Bio-n-tech booster
vaccination enhances durability of cross-
strain reactive antibodies 3 months post
booster vaccination

We then examined the durability of vaccine-induced
antibodies based on the type of booster, Pfizer-BioNTech or
J&J, the participants received. Anti-RBD IgG antibody levels
were comparable between individuals prior to receiving the
booster. Three months following booster, participants (n = 34)
who received the Pfizer-BioNTech booster elicited a marked
increase in their antibody levels against RBD of all the test
viral variants (Wild type p < 0.0001, Alpha p = 0.0002, Beta
p =0.0002, Delta p = 0.0002, Omicron p = 0.0055, Figures 3A-E).
Recipients (n = 55) of the J&J booster also showed an increase in
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anti-RBD antibody levels against the Wild type (p = 0.043),
Alpha (p < 0.0001) and Beta variants (p < 0.0001) but IgG levels
against Delta (p = 0.12) and Omicron (p = 0.22) variants
remained unchanged relative to pre-booster levels.

Booster vaccination enhances cross-
strain viral-neutralizing antibodies

The functionality of antibodies that would block the binding
of SARS-CoV-2 RBD to the angiotensin-converting enzyme
(ACE-2) receptor on host cells was assessed by screening
plasma from two distinct groups of participants - those who
were unvaccinated but had been exposed to SARS-CoV-2, and
those who had been vaccinated. Plasma collected from these
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FIGURE 4

Competitive inhibition of ACE-2 binding to RBD and live virus neutralization. In vitro inhibition of ACE-2 binding to RBD by plasma from
vaccinated and unvaccinated volunteers (A). Percentage blocking among vaccinated individuals before and 3 months after booster vaccinations (B).
Live virus neutralization by plasma from vaccinated individuals against wild-type and Omicron variants based booster type received (Pfizer or J&J)
(C). Percentage blocking of ACE-2 binding among vaccinated individuals grouped by homologous and heterologous booster vaccination
regimen against RBD from Wild type (D), Alpha (E), Delta (F), and Omicron (G). Blue-filled circles and orange-filled squares represent IgG levels at
baseline and month 3 respectively. P values <0.05 are stated on the graphs.

participants was screened for inhibition of ACE-2 binding to
RBD from Wild type, Alpha, Delta, and Omicron utilizing a
commercially available kit. As expected, vaccinated individuals
before booster show higher inhibition of ACE-2 binding to Spike
RBD across the four SARS-CoV-2 strains compared to those who
were exposed but unvaccinated (Figure 4A). In vaccinated group,
binding inhibition was found to be lowest against
Omicron Spike RBD.

The level of SARS-CoV-2 Spike RBD binding antibodies was
examined again 3-month later following booster administration
(Figure 4B). While there was an increase in Spike RBD binding
antibodies levels across all four viral variants post-booster, the
levels of inhibitory antibodies were not found to be significant
(Wild type p = 0.47, Alpha p = 0.08, Delta p = 0.48, Omicron (p =
0.08). Furthermore, pre- and post-booster plasma were tested in a

plaque reduction neutralization test (PRNT) to demonstrate
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in vitro neutralization against wildtype and Omicron strains
(Figure 4C)  Boostered plasma
enhancement (p < 0.0001) in neutralizing wildtype SARS-
CoV-2 among recipients of both the Pfizer and Janssen
booster  shots. the
neutralizing IgG levels were notably higher in Pfizer recipients
compared to those who received the Janssen booster (p < 0.0001).
In contrast, Omicron neutralizing IgG levels did not significantly
increase in both recipient groups from baseline to 3 months post
booster. Wildtype neutralizing IgG levels were markedly high
than Omicron neutralizing IgG levels 3 months post booster
(p < 0.0001).

Since most of our participants received viral-vectored

showed a significant

However, 3 months post-booster,

vaccines as primary vaccinations, we grouped participants into
homologous and heterologous groups. Homologous vaccination
received viral-vectored vaccines as both primary and booster
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vaccination. Heterologous vaccination received viral-vectored
and were subsequently boostered with the mRNA-based Pfizer
vaccine. ACE-2 inhibitory antibody levels against the Spike RBD
of the viral variants was examined 3 months post booster (Figures
4D-G). No difference was seen in the level of inhibitory IgG
levels against the 4 SARS-CoV-2 variants for the homologous
group. However, heterologous boosting increased inhibitory
antibody levels Against Alpha (p = 0.02), Delta (p = 0.0003),
and Omicron (p = 0.0089).

Discussion

The emergence of SARS-CoV-2 variants and waning

immunity after infection or vaccination necessitated
vaccine boostering to maintain durable immune responses
[41]. In sub-Saharan Africa (SSA), there is a paucity of data on
the real-world efficacy and durability of COVID-19 vaccine
responses, particularly in the post-Omicron era. In the present
study, we examined the magnitude and functionality of SARS-
CoV-2-specific

Ghanaian adults 3 months after receiving either Pfizer-

antibody responses among vaccinated
BioNTech or J&J booster immunizations and compared
these against responses in unvaccinated individuals with
natural SARS-CoV-2 infections.

Before the booster, anti-N antibodies were comparable
between vaccinated and unvaccinated individuals with a
known history of infection. Consistent with findings from
different geographical settings [42, 43], vaccination did not
impact anti-N antibodies among our participants. This
suggests that anti-N antibodies were acquired from natural
infections rather than from vaccination. We note a high
proportion of vaccinated individuals were seropositive for N
that

asymptomatic SARS-CoV-2 infection rates in Ghana [37, 40]

antibodies, reinforcing earlier findings undetected
and other countries in SSA [44] were high.

At baseline, vaccinated individuals had significantly high
levels of anti-RBD IgG levels against Ancestral, Alpha, and
Delta (p < 0.05) but not Omicron (p = 0.12), when compared
to unvaccinated controls, suggesting the presence of vaccination-
induced cross-reactive antibodies. Baseline anti-RBD IgG levels
against Omicron did not differ either by the number of prior
vaccine doses received or between previously vaccinated and
unvaccinated individuals sampled in 2021. Omicron was first
reported in Botswana and South Africa in late 2021 [45], and was
already in circulation in Ghana at the time of enrolment [46]. The
Omicron variant is highly mutated compared to the Delta and
other earlier variants. Mutations occur in both structural and
non-structural proteins [47] which increases its transmissibility
and enhances immune evasion from previous immunity [48-50].
Due to the mutations in the Omicron RBD, it is not surprising we
observed reduced omicron-specific IgG binding levels in the

vaccinated and unvaccinated groups. Our findings are similar
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to previous studies in different populations showing reducing
binding and neutralizing antibody against Omicron [51, 52].

Overall, increased anti-RBD IgG levels against all SARS-
CoV-2 strains in individuals who had previously received two or
three vaccine doses, compared to those who had received only a
single dose. Despite the vaccinated individuals’ seeming exposure
to SARS-CoV-2, one booster dose did not significantly boost
RBD IgG levels beyond baseline levels. Since participants were
sampled 3 months after receiving their booster, it is possible that
antibody levels had peaked earlier and declined more rapidly in
participants who received one vaccine dose compared to those
who had received at least two vaccine doses. A previous study in
Ugandan adults who received the AstraZeneca vaccine [30]
reported increase in RBD-specific IgG and IgA levels 14 days
after the second vaccine dose, peaking at day 28, followed by a
gradual decline in IgG levels.

The administration of a fourth booster dose to participants who
were vaccinated three times did not significantly increase RBD IgG
levels against all the tested viral strains. This raises a question
regarding the timing of booster vaccination. The median time
since the last vaccination before administering the booster in the
present study was significantly higher among individuals who had
received two vaccine doses relative to those who had just received a
single dose (Supplementary Figure S1). It is well established that an
extended dosing duration between vaccinations could enhance
vaccine immunogenicity [53-55]. Another explanation for this
observation is that within the settings of the study where natural
exposure is high, few vaccine boosters may be required to reach the
stimulated
circumstances, natural infections may offer additional booster

threshold of antigen immunity. Under such
effects. Similar observations have been made in other populations
within sub-Saharan Africa [27]. In resource-limited settings like SSA
with high SARS- CoV-2 exposure, our data suggests that fewer
booster vaccinations at longer intervals may help maintain robust
antibody responses. However, it is critical to consider the specific
needs of target populations, such as the elderly and individuals with
comorbidities, who are at the highest risk of severe disease.
Functional antibody responses were assessed using either their
capacity to inhibit the binding of a soluble form of the ACE-2 to the
RBD from the Wild type, Alpha, Beta, Delta, and Omicron viral
variants, or their capacity to neutralize viruses expressing the spike
proteins from the Wild type and Omicron SARS-CoV-2 variants.
Inhibition to ACE-2 binding to RBD from all tested variants
markedly increased among the vaccinated individuals relative to
the unvaccinated individuals. However, inhibition of ACE-2 binding
to the Omicron RBD was significantly lower compared to the other
variants tested. Similarly, cross-strain viral neutralizing activity
among the vaccinated individuals was enhanced with booster
vaccinations. Our findings are in line with prior studies showing
reduced neutralization against Omicron than earlier variants [55].
Participants who received heterogeneous vaccine doses (J&]J
followed by Pfizer-BioNTech booster) displayed significantly
higher (p < 0.05) antibody responses quantitatively and
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qualitatively compared to those who received homologous
vaccine doses (J&J followed by J&J booster). The findings of
the present study are consistent with earlier research which
demonstrated that [56] mRNA vaccines, when used in
heterologous booster regimens, elicit stronger IgG binding and
neutralizing activities against Wild-type, Delta and Omicron
variants compared to viral-vectored vaccines.

There are several limitations to our study. The limited age
range of our study participants prevented us from examining the
age effects on vaccine-induced antibody responses. A second
limitation is 3-month interval between the booster vaccination
and the blood draw. This prevented us from tracking antibody
levels during the intervening period. Nonetheless, we still noted the
significant increase in IgG levels in recipients of the Pfizer-
BioNTech booster in comparison to those receiving the J&]J
booster. Future experiments would involve longitudinal studies
to track IgG antibody levels and neutralization activities at multiple
time points post-booster, and to compare these activities in mRNA
and viral-vectored vaccines. A third limitation is the variation in
the enrolment timelines between our vaccinated participants and
unvaccinated controls. When the vaccinated participants were
recruited in 2022, Ghana had already experienced four waves of
COVID-19 driven by the emergence of new SARS- CoV-2
variants. The consistent levels of anti-N IgG levels in vaccinated
individuals before and after booster vaccination would suggest that
these participants were not exposed to SARS-CoV-2 in the
intervening period. However, we cannot rule out the possibility
that vaccinated individuals may have been infected since 2021,
when the unvaccinated cohort was recruited. In addition, we noted
a significant difference in sex between vaccinated and

unvaccinated cohorts. However, we do not observe sex-
dependent difference in variant-specific RBD IgG levels from
baseline to 3 months post booster (Supplementary Figure S2).
In conclusion, we have shown that booster vaccination
increases cross-strain viral IgG binding and neutralizing
activity compared to natural infections in Ghanaian adults.
Extended interval between vaccinations enhances vaccine-
induced antibody responses, and booster vaccinations with the
mRNA Pfizer-BioNTech vaccine were more effective than the

vectored J&J vaccine.
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Abstract

The focus of this study was to evaluate motor unit number and size across the
upper extremity in older adults (aged 60+ years) versus young healthy adults (aged
20-30 years). We hypothesized that older adults would have: fewer motor units
and increased motor unit size as compared to young healthy adults (H1), that motor
unit size would differ across the upper extremity muscles as compared to young
healthy adults (H2), and higher body mass index (BMI) would be associated with
lower motor unit numbers (H3). Compound muscle action potential (CMAP), motor
unit number index (MUNIX), and motor unit size index (MUSIX) were evaluated in
five muscles of the upper extremity. Group differences in CMAP due to aging were
accounted for by increased body mass index (BMI); group differences in MUSIX
were not impacted by BMI. No difference in MUNIX was found; however, an
influence of BMI was found across groups. While this data provides supporting
evidence of age-related motor unit changes, body composition changes with age
may confound these conclusions when surface electromyography is utilized as the
measurement modality. Adiposity estimation should be considered in future EMG
studies, particularly in populations with higher BMI values.

KEYWORDS

motor unit loss, adiposity, neuromuscular, MUNIX, MUSIX

Impact statement

The data in this project indicate significant changes in motor unit characteristics of
the upper extremity in older adults that may be attributable to increased body mass index
(BMI) with aging.

Introduction

Motor unit loss is a key characteristic of neuromuscular diseases and motor deficits that
are associated with aging [1-5]. At the muscle level, aging is associated with delayed muscle
activation in response to stimulus along with altered muscle recruitment—an indicator of
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neuromuscular dysfunction [6]. Despite this, the literature on age-
associated neuromuscular dysfunction is inconsistent with data
suggesting that muscular alterations are dependent on muscle
location and muscle function [2, 7-9].

Work by Dalton et al. [8] did not report differences in motor
unit number estimates in select lower extremity muscles between
older adults (aged 70+ years) and young healthy adults (aged
20-30 years), concluding there to be no age associated reductions
in motor unit number estimates in the lower extremities. Conversely,
age associated motor unit loss in muscles of the upper extremity has
been reported. Specifically, Brown et al. [7] found subjects over the
age of 60 had one half the number of motor units in the biceps
brachii as compared to those under 60 years of age. Further
investigation by Galea et al. [2] into the number of motor units
within the biceps brachii, extensor digitorum brevis, and median
innervated thenar muscles did not arrive at the same conclusion,
despite reporting diminished peak-to-peak amplitude and reduced
area of the maximum M-wave in muscles of the upper extremity
with advanced age. Instead, findings from Galea et al. [2] indicate
reduced motor unit numbers in distal muscles of the upper
extremity; however, supporting data for this conjecture are sparse.

Additional work has shown higher motor unit discharge rates
in younger adults via meta-analysis of data collected from the
lower extremity; however, variability in methods and muscles
assessed in the meta-analysis limits age-related interpretations
for the upper extremities [10] in studies that included various
upper extremity muscles such as biceps brachii, triceps brachii,
abductor digiti minimi, first dorsal interosseus, and extensor
digitorum. In contrast, other work indicates more homogeneity
of motor unit output primarily in the lower extremities with aging
[11]. Taken together, these findings indicate that natural aging
affects the neuromuscular system may manifest differently in the
upper and lower extremities. These disparities highlight the need
for further investigation.

Experimental Biology and Medicine

80

In addition, it is well recognized that body mass index
increases (BMI) with age—nearly 1/3 of the US population
aged 60+ years meets the BMI criteria for obesity [12].
Increased adiposity (and increased BMI) has been noted as a
barrier to muscle tissue assessment via surface electromyography
(EMG) [13-15]. It is unclear if increased BMI with age also
impacts measured motor unit numbers and estimated motor unit
sizes. This inclusion is pertinent given that increased BMI, a
common occurrence with aging, could potentially confound the
assessment of motor units, blurring the distinction between age-
related changes and those due to increased adiposity.

In light of these gaps, the focus of the current study was to
evaluate motor unit number and size across the upper extremity in
older adults (aged 60+ years) versus young healthy adults (aged
20-30 years). We hypothesized that older adults would have fewer
motor units and increased motor unit size in muscles of the upper
extremity as compared to young healthy adults (Hypothesis 1), and
that motor unit number and size would differ across the upper
extremity muscles examined in older adults as compared to young
healthy adults (Hypothesis 2). We also hypothesized that BMI
would have an impact on CMAP values and motor unit numbers,
such that higher BMI values would be associated with lower CMAP
values and motor unit numbers, particularly in older adults—as
older adults generally exhibit higher BMIs (Hypothesis 3).

Materials and methods
Participants

Thirteen (13) young healthy controls (5M, 8F) and 12 older
adult participants (6M, 6F) were recruited for this study from the

greater Houston area (population approx. 2.3 million), see Table 1
for demographics. All participants were right-handed (laterality
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TABLE 1 Study participant characteristics.

Characteristic Young Older adult
N (Males, Females) 13 (6, 7) 12 (6, 6)
Age (y) 245+ 4.0 68.1 45
Height (m) 1.635 £ 0.161 1.717 £ 0.099
Mass (kg) 65.07 + 18.8 89.4 +28.7
BMI (kg/m?) 23.8 3.0 30.3 £ 11.3
LQ 80 + 18 92 £ 12

Values are mean + SD or count. BMI, body mass index; LQ, laterality quotient.

quotient (LQ) >40, assessed with the Edinburgh Handedness
Inventory). Exclusion criteria for both groups included: diagnosis
of Type 1 or Type 2 Diabetes, history of uncontrolled hypertension,
history of limb amputation, chemotherapy, or neurological diseases
(Alzheimer’ Disease, Dementia, Huntington’s Disease, Traumatic
Injury,  Multiple
Paraproteinemic Demyelinating Neuropathy (PDN), Muscular

Brain Sclerosis,  Parkinson’s  Disease,
Dystrophy, Carpal Tunnel Syndrome, Charcot-Marie-Tooth
Disorder, and any other neuropathies), and pain in the
extremities that limits activities of daily living. This study was
approved by the Institutional Review Board (IRB) at the
University of Houston in accordance with Declaration of

Helsinki. All subjects provided written informed consent.

EMG recording

Multichannel surface EMG was recorded from each muscle
using a bioamplifier (FE234 Quad BioAmp, ADInstruments,
Colorado Springs, CO, USA) and PowerLab data acquisition
system (PowerLab 8/35, ADinstruments, Colorado Springs,
CO, USA). Prior to attaching surface electrodes (3M Red
Dot 2560 Foam Monitoring Electrodes with Sticky Gel, 3M,
Saint Paul, MN, USA), the skin was cleaned with alcohol.
Surface electrodes used consisted of diaphoretic solid gel in
disc shape; gel disc diameter was 18 mm, size of the electrode
was 25 mm x 27 mm inclusive of foam adhesive materials. The
longitudinal axis of each of the muscles (abductor pollicis brevis
(APB), biceps brachii (BB), extensor digitorum (EDC), flexor
digitorum superficialis (FDS), and triceps brachii (TRI)) was
identified via palpation. Placement was based on [16]. Two
surface electrodes were placed on the muscle belly, along the
longitudinal axis of the respective muscle; center-to-center
interelectrode distance was 26-30 mm. A reference electrode
was placed on a bony process located proximally to the muscle
being tested while a ground electrode was placed distally. EMG
data was acquired continuously at 1,000 Hz using LabChart
software (ADInstruments, Colorado Springs, CO, USA). Any
channel crosstalk was inspected manually and electrodes were
repositioned if evidence of channel crosstalk was present.
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Nerve stimulation and CMAP

Maximum compound muscle action potential (CMAP), a
measure that describes the maximal electrophysiological size of
the entire motor pool within a muscle, was obtained for each
muscle by supra-maximal stimulation of the innervating nerve
(APB: median; BB: musculocutaneous; EDC: radial; FDS:
median; TRI: radial), with a DS7A muscle current stimulator
(Digitimer, United Kingdom). Stimulation intensity generally
started around 5-30 mA and was increased in increments of
approximately 20% until a maximal response was reached. The
duration for a single pulse stimulation was 200 ps. The nerve was
then stimulated with 120% of the final intensity to confirm the
maximum CMAP was reached and confirmed visually, consistent
with [17]. Major differences in the approach employed in the
generation of this data set as compared to [18] include the use of
300 ms epochs and standardized electrode placement, as per [16].
The use of 300 ms epochs meets the minimum epoch duration as
per [18] to identify tremor, but not the recommended 500 ms.
Our data was collected using a standardized electrode placement
to ensure reproducibility of the data, in contrast to “electrode
placement for CMAP optimization” as endorsed in [18].

Isometric contractions, MUNIX,
and MUSIX

For all tasks, participants were seated in a chair facing the
testing table with his/her upper arms at approximately 20° of
abduction in the frontal plane. The forearm of each participant
rested on a padded surface with an elbow angle of approximately
135 in the sagittal plane. The wrist orientation was such that the
hand was restrained in a neutral position (neutral flexion/
extension, neutral radial/ulnar deviation) during testing.
Participants performed isometric contractions via an
externally fixed load cell (Model SM-500, Interface Force
Measurement Solutions, Scottsdale, AZ, USA) with the hand
in: pronation to evaluate TRI and EDC, and in supination to
evaluate BB, FDS, and ABP. Directionally of the load cell was
modified to accommodate force production during testing.
Participants performed three maximum voluntary contraction
(MVCQ) trials of 10-15 each, with one minute of rest between
trials. The highest MVC force was used to determine the target
forces for the submaximal contraction trials. After MVC trials,
participants were asked to perform 30-second submaximal
isometric contractions each at 5, 15, 25, 50, and 75% MVC.
Force produced by the subject was used as visual feedback to
maintain the contraction level. This testing procedure was
performed for all five muscles (APB, BB, EDC, FDS, and TRI).

The surface EMG interference pattern was recorded
throughout each contraction at varying levels of force. Motor
unit number index (MUNIX), an electrophysiological measure of
the number of motor units within a muscle that is easy to perform

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10491

Gulley Cox et al.

and well tolerated by study participants, was used to estimate the
number of motor units contained in each muscle using
maximum CMAP produced during voluntary isometric
muscle contractions in 300 ms epochs. Additionally, motor
unit size was estimated by calculating the motor unit size
index (MUSIX), an indicator of the size of motor units within
the evaluated motor pool within a muscle, which is derived using
MUNIX and CMAP values. Data underwent bandpass filtering
(10-450 Hz) prior to analysis. Additional details on how to
calculate CMAP, MUNIX, and MUSIX can be found in [19].

Statistical analysis

SPSS version 30.0 (SPSS IBM, New York, NY, USA) was used
to perform parametric statistical analyses. Outliers were
identified in SPPS using Tukey’s method while creating initial
boxplots of data. The following # of outliers were removed from
the data set as indicated via Tukey’s method: CMAP (1 young),
MUNIX (2 young, 2 older), MUSIX (5 young, 4 older). For each
variable of interest, automatic linear modeling (ALM) was used
to select significant covariates (specifically age and BMI) using
forward stepwise selection in SPSS [20]. Follow-up correlation
analyses were performed for all ALM-identified significant
covariates. Data were analyzed using two-way ANCOVAs to
compare between Groups (T2D and Control). Within-subject
factors for neuromuscular evaluation was Muscle (APB, BB,
EDC, FDS, and TRI) as was a Group x Muscle interaction.
Regression models between measures of interest (CMAP,
MUNIX, and MUSIX) and BMI were calculated in OriginLab
2025 (Northampton, MA, USA) for each group separately.

Results

CMAP

A baseline two-way ANOVA was performed for maximum
CMAP amplitude with Group (Young and Older Adult) and
Muscle (APB, BB, EDC, FDS, and TRI) as main factors. Group
(Fy72 = 6.300, p < 0.05) was found to be significantly different
such that the young adult group had significantly larger overall
max CMAP amplitude compared to older adults, Figure 1A. No
significant main effect of Muscle nor Group x Muscle interaction
were found.

ALM modeling indicated BMI as a covariate in the CMAP
amplitude model which replaced the Group effect, Figure 1B.
Follow-up ANCOVA was performed with Group and Muscle as
main factors and BMI as a covariate. Only BMI (F, 7; = 5.439,p <
0.05) was found to be significant. Increased BMI was associated
with reduced max CMAP amplitude (1,9 = —0.245, p < 0.05).
Regression models calculated for each group separately did not
show a significant relationship between CMAP and BMI in the
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Young group (p >0.7); however, a significant relationship
between CMAP and BMI emerged in the Older Adult group
(F146 = 6.62, p < 0.05), shown in Figure 2A.

MUNIX

A baseline two-way ANCOVA was performed for MUNIX
with Group (T2D and Control) and Muscle (APB, BB, EDC, FDS,
and TRI) as main factors. No main effects or interactions were
found, Figure 1C.

ALM modeling indicated BMI as a covariate in the MUNIX
data, Figure 1D. Follow-up ANCOVA was performed with
Group and Muscle as main factors and BMI as a covariate.
Only BMI (F,63 = 4.701, p < 0.05) was found to be
significant. Increased BMI was associated with reduced
MUNIX (r;6 = -0.243, p < 0.05). Regression models
calculated for each group separately indicated a nearly
significant relationship between MUNIX and BMI in the
Young group (Fi3; = 3.03, p = 0.09) and a significant
relationship between MUNIX and BMI in the Older Adult
group (F; 44 = 4.19, p < 0.05), shown in Figure 2B.

MUSIX

A baseline two-way ANCOVA was performed for MUSIX
with Group (T2D and Control) and Muscle (APB, BB, EDC, FDS,
and TRI) as main factors. Group (F; 44 = 6.633, p < 0.05) was
found to be significantly different such that the young adult
group had significantly larger MUSIX compared to older adults,
Figure 1E. No significant main effect of Muscle nor Group x
Muscle interaction were found.

ALM modeling did not indicate any significant covariates in
the MUSIX data, thus follow-up ANCOV As were not performed.
Regression models calculated for each group separately did not
show significant relationships between MUSIX and BMI (p >
0.5), Figure 2C.

Discussion

The purpose of this study was to evaluate motor unit
characteristics across the upper extremity in older adults (aged
60+ years) as compared to young healthy adults (aged
20-30 years). We hypothesized that older adults would have
fewer motor units and increased motor unit size in muscles of the
upper extremity as compared to young healthy adults
(Hypothesis 1). Overall, this hypothesis was not supported as
no age-related changes in MUNIX were found concurrent
despite evidence of lower MUSIX in older adults. We also
hypothesized that motor unit number and size would differ
across the upper extremity muscles examined in older adults
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as compared to young healthy adults (Hypothesis 2). This
hypothesis was also not supported, as no main effects of
Muscle were found. In Hypothesis 3, we explored the impact
of BMI on CMAP, MUNIX, and MUSIX measures. BMI replaced
the age group effect in our CMAP results, was a significant factor
in the MUNIX results, but did not impact MUSIX results. The
implications of these findings are discussed in the following
paragraphs.

The data produced in this study do not support the
conjecture that aging is associated with an overall reduction of
motor units in the upper extremity. While age-related changes in
CMAP values were found between age groups, this difference was
accounted for by group differences in BMI—indicating that BMI
is an important confounder of electrophysiological activity across
the lifespan. This is consistent with emerging reports of increased
adiposity as a significant barrier to EMG measurement [13-15,
21, 22], providing a physiological basis for this reported effect.
Recent work has indicated that higher amounts of adiposity
(generally assessed via BMI) are associated with reduced
amplitude of electromyographic (EMG) signals [13-15]. The
increased BMI in the older adult group in this study reflects
an increase in body mass with aging, as evidenced by Table 1 and
Figure 2. This increase in body mass is likely due to increased
adiposity concurrent with sarcopenia across the body with age
[23]. Increased adiposity with advanced age is preceded by a
metabolic cascade, including reduced blood glucose and
triglyceride clearance—leading to increased fat deposition
within the body as age increases [24, 25]. Increased adiposity
results in a thicker insulation layer between the derma and
muscle that reduces the strength of EMG signal measured.
This in turn reduces the CMAP amplitude measured and
impacts any measurements that depend on CMAP measured
from surface EMG for computation (e.g., MUNIX and MUSIX).
While MUNIX was impacted by BMI in this data set, MUSIX was
not—despite a finding of reduced MUSIX values in the older
adult group. This is a highly relevant finding, as loss of motor unit
number with aging is assumed to precede sarcopenia with
advanced age [26]. The data in this paper suggest that the loss
of motor unit number may be concurrent with sarcopenia in the
upper extremities in older adults.

In order to take into account adiposity-associated EMG
signal attenuation in motor unit characterization, adiposity
measurement (via dual-energy x-ray absorptiometry (DXA))
or adiposity estimation via BMI should be considered and
controlled for statistically in future work, particularly in
populations living with higher BMI values due to chronic
disease (e.g., cardiovascular disease, stroke, etc.). Use of either
DXA or BMI is warranted as attempts to use skinfold thickness to
estimate adiposity have been found to be inaccurate, particularly
in persons with BMI >30 kg/m [2, 27, 28]; whereas use of either
DXA of BMI has produced consistent results with respect to each
other in terms of accounting for adiposity impacts in evaluation
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of neurological and muscular measurements [21, 22, 29-32]. One
way that adiposity as a confound may be accounted for in future
work is by creating mathematical or statistical models of
adiposity distribution [21, 22] that could be employed in
signal processing of EMG data. This approach may aid in
distinguishing  physiological ~changes in neuromuscular
function from those induced by signal attenuation during
EMG measurement due to increased adiposity.

In addition to these findings, none of the measures considered in
this project were significantly different based on muscle location.
These data are in contrast to work by Galea et al. [2], in which
differences in motor unit measures of the distal musculature of the
upper extremity (ABP, EDC, FDS) would have been reduced in
older adults as compared to motor unit measures in more proximal
musculature of the upper extremity (BB). These data support prior
findings of [11] in terms of homogeneity of motor unit measures
within a limb with aging, in contrast to reports of motor unit loss in
the distal musculature with age [2, 33-35]. More work is needed to
clarify the physiological mechanisms responsible for distal motor
unit changes with age [25]—particularly with the consideration of
increased adiposity with age functioning as a confounding factor in
EMG measurement.

Conclusion

The data produced in this study do not support the
conjecture that aging is associated with a reduction of motor
unit number index in the upper extremity; however, evidence to
support age-related changes in motor unit size was found.
Group differences in CMAP values due to aging were
accounted for by increased BMI. The data do not support
reports of motor unit loss in distal musculature with age.
Adiposity estimation via BMI should be considered and
controlled for statistically in future work, particularly in
populations living with higher BMI values.
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