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Introduction: Transverse-aortic constriction (TAC) operation is a widely used
animal model to induce hypertrophy and heart failure through left-ventricular
pressure overload. In mice, the cardiac response to TAC exhibits considerable
variability influenced by factors such as strain, sub-strain, age, sex and vendor.
Methods: To investigate the impact of suture material (silk versus prolene) and size
(6-0 versus 7-0) on the TAC-induced phenotype, we performed surgeries on male
C57BL6/N mice at 9 weeks of age defining the aortic constriction by a 27G needle,
thereby employing most frequently used methodological settings. The mice were
randomly assigned into four separate groups, 6-0 silk, 7-0 silk, 6-0 prolene and 7-
0 prolene (10 mice per group). Echocardiography was conducted before TAC and
every 4 weeks thereafter to monitor the development of heart failure. Repeated
measures correlation analysis was employed to compare disease progression
among the different groups.

Results: Our findings reveal a significant influence of the chosen suture material
on TAC outcomes. Mice operated with prolene showed increased mortality,
slower body weight gain, faster left-ventricular mass increase, and a faster
decline in left-ventricular ejection fraction, fractional shortening and aortic
pressure gradient compared to silk-operated mice. Moreover, despite non
significant, using thinner suture threads (7-0) tended to result in a more severe
phenotype compared to thicker threads (6-0) across all tested parameters.
Discussion: Collectively, our results highlight the importance of suture material
selection in determining the cardiac phenotype induced by TAC and emphasize
the need to consider this factor when comparing data across different research
laboratories.
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1. Introduction

Heart failure (HF) is defined as the inability of the heart to
provide adequate blood flow and oxygen supply to meet the
needs of the organism. HF commonly develops from different
chronic cardiovascular diseases, including hypertension,
coronary artery disease, arrhythmia and myocardial infarction.
Transverse-aortic constriction (TAC) operation is a well-
established model to induce hypertrophy and HF by left-
ventricular (LV) pressure overload (1). It is generally accepted
that the outcome of TAC in mice is subject to considerable
variability within and across labs. In line, several factors that
affect the

Comprehensively, the outcome of TAC operations is dependent

TAC-induced phenotype have been reported.
on the size of the aortic constriction (2-4), which determines
the remaining aortic diameter and the ensuing pressure
gradient responsible for LV overload. However, respective
cardiac hypertrophy and HF phenotype is also impacted by the
specific strain (5, 6), sub-strain (7), parent-of-origin (8), and
even vendor (5), as well as the age (9) and sex of the mice (8,
10). Furthermore, less apparent factors such as the surgical
technician (2, 6, 8, 10-12) can impact TAC outcomes. Although
a 27-gauge needle and silk suture material are commonly used
to define the aortic constriction (13), other materials such as
prolene are also frequently utilized. In the present study, we
aimed to investigate whether variations in suture material (silk
vs. prolene) and size (6-0 vs. 7-0) would impact TAC outcomes
with respect to the HF phenotype. The suture thread size was
defined following USP regulations, where size 6-0 and 7-0 is
inversely correlated to a suture thread diameter of 0.085
and 0.06 mm, respectively (14). To track the development
of HF, we used repeated measures correlation analysis, a form
of ANCOVA (15-17), to not only assess the development of
the population mean over time but also to respect the inter-
individual variability between animals.

2. Material and methods
2.1. Animal housing

40 male C57BL/6 mice were purchased from Charles River,
Germany. The substrain C57BL/6N was chosen for its increased
vulnerability towards TAC operation (5, 7). Mice were housed
under standard laboratory conditions in groups of 5 in GM500
cages within a DGM rack (Tecniplast) and provided with access
to food (LASQCdiet®Rod16) and water ad libitum throughout
the study. Mice were regularly monitored for health status,
including visual inspection for signs of illness or injury. The
facility followed appropriate hygiene protocols, such as regular
cage sterilization, to maintain a

cleaning and hygienic

environment for the animals. These standardized conditions
aimed to provide a consistent and controlled environment for
the mice while ensuring their well-being and minimizing any
potential confounding factors that could influence the study

outcomes.
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2.2. TAC surgery

Mice at the age of 8.8 + 0.2 weeks (mean + SD) were
preoperatively anaesthetised by intraperitoneal injection with a
mix of 0.3 mg/kg medetomidine, 1.0 mg/kg midazolam, 0.03 mg/
kg fentanyl, and 10 mg/kg ketasol, and intubated using a 22G
peripheral venous catheter (Venflon®, B.Braun, Germany) to
allow mechanical ventilation of 175 uL lung volume at a rate of
150 breaths per minute. Eye ointment was applied to prevent
dehydration. The mice were placed in supine position on a 37°C
tempered heating plate and the extremities were fixed with
adhesive tape. The upper thorax area was shaved and disinfected
Median
displacement of the thymus allowed access to the aortic arch.

with  povidone iodine. sternotomy followed by
Animals were assigned into 4 separate groups (10 mice/group) to
evaluate the effect of suture material and size on TAC.
Polyfilament 6-0 silk (Perma—HandTM, K802H; Ethicon, Johnson
& Johnson Medical N.V., Belgium) and 7-0 silk (SilkamR,
DSMP7; B.Braun, Germany), as well as monofilament 6-0
polypropylen (Prolene™, 8711H; Ethicon) and 7-0 polypropylen
(ProleneTM, EH7405H; Ethicon) was used for TAC operation.
According suture thread was placed around the aorta between
the brachiocephalic trunk and the left common carotid artery
and a square knot was tied against a blunted 27-gauge needle in
order to create a reproducible degree of constriction for each
animal. After removal of the gauge needle a third overhand knot
was tied on top of the square knot. After successful ligation of
the aortic arch and subsequent repositioning of the thymus, the
sternum was secured with two stitches of 6-0 polysorb suture
and the skin was closed with 4-0 polysorb suture and disinfected
with povidone iodine. To antagonize anaesthesia, a mix of 1 mg/
kg Antisedan® hydrochloride) and
® (flumazenil) was injected. Then, 0.25ml 1.6% Glucose

(atipamezole 1 mg/kg
Anexate”
in physiological NaCl solution was injected to compensate for
blood loss during the surgery. After recovery from anesthesia
(~30min) 0.06 mg/kg Temgesic® (buprenorphine) was injected
and mice received a post-operative analgesic regimen of 0.12 mg/
ml piritramide in 0.4% glucose supplemented drinking water ad
libitum for 3 days.

2.3. Echocardiography

Echocardiography was performed prior and 4, 8, and 12 weeks
after TAC operation. The mice were briefly (=30s) put in an
anaesthesia box using 5% isoflurane, then placed in supine
position with paws embedded in electrode gel and fixed with
adhesive tape, that allowed recording of breathing frequency and
ECG signal (lead II). Additionally, mouse body core temperature
was measured with an anal probe. A heating plate (VisualSonics)
and an infrared heating lamp was used to keep the body core
temperature at 37 + 0.5°C. Eye ointment was used to prevent
dehydration. Hair removal cream was applied on the animal’s
chest for 1min. Echocardiography was performed under an
isoflurane anaesthesia mask (1% in O, at 1.51/min), by a
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Vevo3100 preclinical imaging system (Fujifilm VisualSonics), using
a MX250 transducer for imaging the aortic arch and a MX550D
transducer for all other images. Using M-mode recordings in the
short axis view of the heart (Figures 2A,B), we placed the scan
line at the largest diameter in parallel to the papillary muscles to
assess left ventricle inner diameter (LVID) as well as left
ventricular thickness of the anterior (LVAW) and posterior wall
(LVPW) during systole and diastole respectively. Analysis was
done with the Vevo®Lab software (Fujifilm VisualSonics). Left
ventricular end-diastolic volume (LVEDV) and end-systolic
volume (LVESV) were calculated from LVID using the following
formula: 7/(2.4 + LVID)*LVID?, with LVID derived under
systolic and diastolic conditions, respectively. Ejection fraction
(EF) (LVEDV — LVESV)/LVEDVx100.
Corrected left ventricular mass (LVmass) was calculated as
1.053+[(LVID + LVAW + LVPW)? — LVID?]%0.8  (18). To
derive the pressure gradient at the constriction site we

was calculated as

determined the maximum velocity by pulsewave Doppler mode
at the aortic arch between the brachiocephalic trunc and the left
common carotid artery. The pressure gradient (Ap) was
calculated from the peak velocity (v) using a simplified Bernoulli
equation Ap = 4v? (19).

2.4. Statistical analysis

All data were analyzed using R; respective source code can be
found in the supplementary material. Kaplan-Meier survival
analysis (Figure 1) was done using the “survminer” package,
p-values from log-rank test results are displayed in the respective
graphs. Risk tables below the Kaplan-Meier plots account for the
amount of animals alive at time point 0, 4, 8 and 12 weeks post
TAC operation. Repeated measures correlation analysis (RMCA;
Figures 4-7) and in the supplementary material was performed
in R, using the “rmcorr” package provided in Bakdash et al. (15).
Individual animals were assigned a unique ID, and respective

10.3389/fcvm.2023.1242763

data are shown as dots in the RMCA graphs, with a dotted line
connecting data points of the same animal (linear RMCA fit).
Individual fits share the slope factor but differ in their ordinate
Additionally, the
coefficient 7y, p-value and slope factor are displayed in each

intercept. repeated measures correlation
RMCA analysis graph. Slope factors of different groups were
compared using a z-test. For the comparison of silk versus
prolene, 6-0 and 7-0 sizes were pooled, and similarly silk and
prolene data were pooled in the comparison of 6-0 versus 7-0
material. No statistical difference was found between these
groups regarding the HF parameters LVEF (Figure S8) and
LVmass (Figure S9). A full analysis of all four separate groups
(6-0 silk, 7-0 silk, 6-0 prolene, 7-0 prolene) can be found in the

supplementary material.

2.5. Ethical considerations

The animal housing and experimental procedures adhered to
the ethical guidelines outlined, have been approved by the animal
welfare committee of the Medical University of Vienna and are
covered by licence 2020-0.432.224 to Attila Kiss and Xaver
Koenig issued by the Federal Ministry of the Republic of Austria.

3. Results

To investigate the impact of suture material on pressure
overload-induced HF development we performed TAC operations
on 40 male, adult C57BL/6N mice using four different kinds of
suture materials, 6-0 silk, 7-0 silk, 6-0 prolene and 7-0 prolene
(10 mice per group). Apart from the suture material, animals
were treated similarly in all other aspects. We selected the
C57BL/6N substrain for its increased susceptibility to TAC-
induced HF development (7), thereby increasing the sensitivity to
detect a potential impact of the suture materials studied. From
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FIGURE 1
Effect of suture material and size on overall animal survival after TAC. (A) Separate Kaplan Meier plot including all 4 groups studied, 6-0 silk (light blue), 7-0
silk (dark blue), 6-0 prolene (light red), 7-0 prolene (dark red), for a followup period of 12 weeks after TAC. (B) Kaplan Meier plot comparing suture material
(silk versus prolene) after pooling of 6-0 and 7-0 datasets. (C) Kaplan Meier plot comparing suture size (6-0 versus 7-0) after pooling of prolene and silk
datasets. P-values were calculated using a log rank test.
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FIGURE 2
ventricle

mm/s) before TAC surgery and (D) 12 weeks post TAC surgery.

Development of heart failure after TAC operation. Original echocardiographic images before and 12 weeks after TAC. (A) Short Axis View (SAX) of the left
(left image) and line scan (right image) measuring wall thickness and heart volume during systole and diastole before TAC surgery (time point 0)
and (B) 12 weeks post TAC surgery. (C) Aortic Arch View (AA; left image) and pulsewave doppler velocity measurement of the transverse aortic arch (in
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the 40 operated animals, 6 died during or within 1 week after
surgery accounting for 15% mortality in the initial phase after
TAC. This incidence was higher than what we normally
experience when using silk suture only. Taking a closer look
revealed that the increase in mortality dominantly occurred in
the 6-0 prolene operated animals (3 dead animals versus only 1
in every other group). In line, the overall survival after TAC
revealed an increased incidence of death when comparing
prolene to silk operated animals (Figures 1A,B). This effect just
failed significance (p = 0.052). Additionally, the groups operated
with the thinner threads (7-0 silk and 7-0 prolene) demonstrated
1A,C). For
comparison, no loss of animals occurred in a comparable cohort

a trend towards increased mortality (Figures

of n =28 SHAM-operated mice. Of note, due to the relatively
strong HF phenotype of the 6N substrain a significant loss of
animals was observed during the 12 week study period
(Figure 1), in particular affecting the 7-0 prolene group. As a
consequence, subsequent analysis of heart failure development by
echocardiography was dominated by animals with a less severe
cardiac phenotype and by data obtained at earlier time points.

To monitor the progression of HF development we performed
echocardiography before and 4, 8, and 12 weeks after TAC
operation. Exemplary echocardiographic images before and 12
weeks after TAC are shown in (Figure 2). From respective
recordings we obtained the left ventricular fractional shortening
(FS) as a measure of systolic function, the left ventricular mass
(LVmass) as a measure of cardiac hypertrophy and the pressure
gradient (Ap) as a measure for the induced pressure overload
upon aortic constriction.

We first assessed the severity of TAC-induced HF development
by comparing echocardiographic measurements before and 4
weeks after TAC. Based on the difference in FS and LVmass we

Frontiers in Cardiovascular Medicine

defined three categories: (i) an overt increase in LVmass by more
than 30% was considered to reflect hypertrophy, (i) an
additional decrease in FS by more than 10% was considered an
early marker for the development of HF with reduced ejection
fraction (HFrEF); we defined these thresholds in the absence of
reports on respected criteria in mice regarding changes in
LVmass and FS. (iii) all other animals were considered healthy.
Along this classification a substantial clustering was observed for
the different suture materials tested. Thus, Figure 3 shows a
clear separation when comparing silk- and prolene-operated
animals along the AFS — ALVmass plot, with silk-operated mice
(blue) distributed preferentially towards the hypertrophy domain,
while prolene operated mice (red) distributed preferentially
towards the HF domain.

To test how fundamental phenotypic parameters developed
and how they were influenced by the chosen suture material and
size, we monitored HF development for 12 weeks after TAC and
evaluated respective findings using repeated measures correlation
analysis (RMCA; (15)). Here, RMCA provides a way to not only
respect the temporal development of a specific parameter but
also to incorporate the variability of individual animals. It does
so by fitting a linear model with an individual intercept for each
animal but a common slope and error variance for all animals.

With this tool at hand, we first analysed the effect of different
suture material and size on the development of body weight after
TAC (Figure 4). This parameter increased consistently with a
12-week period after TAC and was well fit with a linear model
reflecting the reported normal body growth of this strain of mice.
Data points deviating from the linear model occurred typically
only at the terminal study endpoint when animals suddenly died
or had to be sacrificed based on pre-defined ethical criteria. Such
a decrease in body weight may correlate with the TAC-induced
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FIGURE 3
Effect of suture material and size on the severity of TAC-induced cardiac phenotype. 2D-Plot of the percentile change of FS and LVmass of all operated
mice, 6-0 silk (light blue), 7-0 silk (dark blue), 6-0 prolene (light red), 7-0 prolene (dark red), derived from echocardiographic measurements before and 4
weeks after TAC. The phenotype domains "healthy” (dark grey), "hypertrophy” (light grey), and "heart failure” (white) were defined by an increase of more
than 30% in LVmass and a decrease by more than 10% in FS. Each data point reflects an individual animal with respective animal-ID provided. Box plots
with median, 95 % percentile and min max values of percentile change of FS and LVmass is shown at the right and top, respectively.

HF phenotype, which was also observed by others (5). The increase
in body weight was less pronounced when animals were operated
with prolene compared to silk, but no difference was observed
6-0 7-0
(Figure 4E). Body weight of mice assessed before TAC operation

when comparing different suture size, versus
was not different across groups (Figure S1) indicating a
homogeneous study population.

We next applied RMCA to the development of FS (Figure 5)
and observed a gradual decline in the FS for all groups tested, in
full agreement with the development of a HF phenotype. The
same was true for LVEF derived from long-axis images,
Figure S10. However, the decline was more pronounced
(decreased slope) when comparing prolene to silk operated
animals (Figures 5A,B,E), while no difference in the slope was
observed when comparing animals operated with suture 6-0 and
7-0 (Figures 5C-E). ANOVA analysis could only partly resolve
the difference in FS in silk and prolene-operated animals
(Figure S2). FS values before TAC operation were not different
across tested groups (Figure S2) demonstrating that no bias was

introduced when the different groups were assigned.

Frontiers in Cardiovascular Medicine 05

The same was true regarding LVmass (Figure 6), which
increased substantially over the covered 12-week time period,
reflecting a strong hypertrophy caused by the TAC-induced LV
pressure overload. Prolene operated animals had a substantially
faster gain of LVmass when compared to silk operated animals
(Figures 6A,B,E), even more so when normalised to body weight
(Figure S11). ANOVA analysis could only partly resolve the
difference in LVmass in silk and prolene-operated animals
(Figure S4) but demonstrated no difference in LVmass before
TAC. Again, no difference was observed when comparing
different suture sizes (Figures 6C-E).

Finally, we looked at the pressure gradient (Ap), as calculated
from the peak flow velocities before and after the constriction
site. Ap values remained constant or slightly declined across the
studied 12-week stable
constriction in all these animals. However, prolene operated

time period, reflecting a aortic
animals had a more pronounced decline in Ap when compared
to silk-operated animals (Figures 7A,B,E). This drop in pressure
gradient values was not due to differences in cardiac output

(Figure S12) or stroke volume (Figure S13) but may be
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FIGURE 4

Effect of suture material and size on the development of body weight after TAC. Development of animal body weight within a 12-week time period after
TAC for mice operated using different suture material, silk (A) or prolene (B), or using different suture size, 6-0 (C) or 7-0 (D), dotted line indicates
individual animal progression, straight line indicates the RMCA fit for each animal. (E) z-score statistic of the comparison of the RMCA slopes for the
pooled data groups silk (silk 6-0 and silk 7-0) versus rolene (prolene 6-0 and prolene 7-0) in the first row and 6-0 (silk 6-0 and prolene 6-0) versus
7-0 (silk 7-0 and prolene 7-0) in the second row. Slope mean values + SEM are given.

explained by a reduction in contraction speed of the ventricular
myocardium or a change of constriction diameter in the prolene-
operated animals over time. A decline in pressure gradient over
time in prolene-operated animals was also observed in another
recent study (20). No difference was found when comparing
suture size (Figures 7C-E).

Of note, one mouse (ID XKOE-00385) of the prolene 7-0
group seemed to develop no proper heart failure phenotype. A
reduction in the FS and LVEF and an increase in LVmass seen

Frontiers in Cardiovascular Medicine 06

after 4 weeks did not drop/increase further but even improved/
dropped at 8 and 12 weeks post TAC and pressure gradient
values followed the same pattern. A plausible explanation for
this may be provided by a loosening of the aortic constriction
after 4 weeks despite the greatest care in performing the TAC
operations. We have decided to not exclude this animal from
our analysis but obviously such an “outlier” will impact on
the statistical evaluation. We therefore provide a separate
RMCA excluding this animal in the supplementary material.
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FIGURE 5

pooled data groups.

Effect of suture material and size on the development of fractional shortening after TAC. Development of animal FS within a 12-week time period after
TAC for mice operated using different suture material, silk (A) or prolene (B), or using different suture size, 6-0 (C) or 7-0 (D), dotted line indicates
individual animal progression, straight line indicates the RMCA fit for each animal. (E) z-score statistic of the comparison of the RMCA slopes for the

A list of numeric values for all evaluated echocardiographic
parameters and a RMCA of SHAM-operated mice followed
for the same time course are provided in Table 1 and
Figure S14, respectively. The supplementary material also
contains a non-pooled RMCA of BW (Figure S6), FS
(Figure S7), LVEF (Figure S8) and LVmass (Figure S9) as
well as an RMCA excluding mouse XKOE-00385, which
did not develop a proper heart failure phenotype (Figures
S§15-S18).
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4. Discussion

Here we have shown that the outcome of TAC operations is
dependent on the type of suture material used. By employing
repeated measure correlation analysis, a sensitive variant of
ANCOVA (15-17), we demonstrated a significant difference in
the development of hypertrophy and HF when using either silk
or prolene suture for the aortic constriction. In particular, we
observed that prolene-operated mice exhibited a significant
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FIGURE 6
Effect of suture material and size on the development of left ventricular mass after TAC. Development of animal LVmass within a 12-week time period
after TAC for mice operated using different suture material, silk (A) or prolene (B), or using different suture size, 6-0 (C) or 7-0 (D), dotted line indicates
individual animal progression, straight line indicates the RMCA fit for each animal. (E) z-score statistic of the comparison of the RMCA slopes for the
pooled data groups.

reduction in body weight gain, a higher mortality, a faster increase
in LVmass, as well as a faster reduction in FS when compared to
silk-operated animals.

4.1. Suture material
In the past years, we have performed TAC-operations on over

500 animals employing 6-0 silk as our standard material. Silk
stands out as the commonly preferred option (53%), while

Frontiers in Cardiovascular Medicine

polyamide and prolene trail behind at (25%) and (12%),
respectively (13). When compared to monofilament suture,
braided material such as silk is generally stronger, more supple,
easier to handle and better suited to tie a firm knot.

The size of the silk suture did not affect the overall handling and
respective TAC outcome (Figure 1A). This was different for prolene,
for which 6-0 was more difficult to handle than 7-0, and assessment of
knot firmness proved more difficult despite a similar TAC outcome
(Figure 1A). In a few animals the use of 6-0 prolene resulted in a
tilting of the constriction knot after successful operation, which did
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FIGURE 7
Effect of suture material and size on the development of pressure gradient after TAC. Development of animal Ap within a 12-week time period after TAC
for mice operated using different suture material, silk (A) or prolene (B), or using different suture size, 6-0 (C) or 7-0 (D), dotted line indicates individual
animal progression, straight line indicates the RMCA fit for each animal. (E) z-score statistic of the comparison of the RMCA slopes for the pooled data
groups.

not occur with any other suture material. The greater difficulties in
handling 6-0 prolene and the potential to enforced constriction by
knot rotation may explain the increased mortality seen in the first
24h under those conditions. While we did not observe significant
differences between suture size 6-0 and 7-0, we noticed a trend
towards a more severe TAC-induced phenotype with the latter,
thinner thread in all parameters tested. A potential effect may have
escaped detection by a lack of statistical power. If indeed present it
may be explained by a higher local pressure onto the aortic vessel
with the thinner compared to the thicker thread. This may increase
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the propensity for local injury of the vessel endothelium and
subsequent likelihood of plaque formation and inflammation,
further aggravating the constriction. A post mortem investigation of
respective parameters was however not performed but should be
considered.

Given the contrasting survival rates and functional changes
observed in animals operated with silk and prolene sutures
throughout the study’s duration, however it is important to
factor in additional considerations. Notably, the mechanical and
elastic properties of prolene differ from those of silk, as
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highlighted in a study conducted by Naleway et al. (21). Thus, silk
demonstrated a significantly higher elastic modulus compared to
polypropylene and nylon thereby resulting in greater resistance
to elongation upon load. While on the one hand this may allow
for a more elastic constriction and thereby ease blood flow
during systole for non-silk sutures, it may on the other hand
narrow the intended constriction. The latter is due to the fact
that a stretching of the suture during knot tying will relax from
an elongated to a more constricted state once the knot is formed
and the gauge needle removed. Given that Ap levels were
comparable for all suture materials assessed at 4 weeks post TAC
(Figure S5), this would imply that either these effects are small
or may compensate for each other to a certain degree.

An obvious disadvantage of silk as a braided suture is its ability
to soak up fluids and being a ground for bacteria in the gaps
between the strands, which increases the risk of infections (22).
In addition, natural suture materials such as silk consist of
foreign proteins, that may trigger an immune response, leading
to increased tissue reactivity, impaired wound healing, and
increased scarring. However, as we observed a milder
hypertrophy development and functional impairment for the silk
and not for the prolene group, it is conceivable that altered
immune response or changes in tissue reactivity around the
constriction site did not account for the observed changes.

Our data add to the understanding that multiple factors have a
direct and significant impact on the results of TAC operations in
mice. Apart from previously identified factors, the choice of
suture material introduces an additional variable that should be
taken into account when employing this model. In addition, we
also observed a trend of the different suture thread sizes to
impact TAC outcome. If these and additional factors happen to
coincide, the resulting differences in outcomes are likely to be
substantial. This should become particularly relevant when
comparing data across different research laboratories. It may also
be worth to consider additional factors in this context that have
not been explored to date. HF is associated with prominent
alterations in myocardial metabolism and energy substrate
utilisation (23-25). Consequently, the specific animal diet and
housing conditions, including cage size, access to running wheels
and similar devices, ambient temperature (26), light-dark cycle,
and others may directly impact on TAC outcome. Another
important factor to consider is the stress level of housed mice,
which will impact on the sympathetic tone and circulating
catecholamine levels (27). Undoubtedly, future studies will be
necessary to address these aspects.

4.2. Repeated measures correlation analysis

Here we have employed Repeated Measures Correlation
Analysis (RMCA), which is a form of ANCOVA (15-17). While
usually ANCOVA is applied to test for the effect of a categorical
independent variable on a continuous dependent variable by
controlling for a second covariate, RMCA uses the underlying
general linear model in a different way. It tests for the
relationship between the two continuous variables (a dependent
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and an independent one; in our case, e.g., FS or LVEF and time
after TAC), while controlling for an independent categorical
variable (the individual animals, in our case). Thereby RMCA
closely compares to a multilevel model, where a linear regression
with random intercept but fixed slope is fit to account for
dependencies within individual animals. Typically, random
intercept models and the RMCA ANCOVA model give very
similar estimates for the regression slope. However, in contrast to
a mixed model, the RMCA ANCOVA model allows for a straight
forward decomposition of the explained variance and thus allows
for the calculation of a repeated measures correlation coefficient.
An additional advantage of the approach pursued in this study is
the fact that separate models are fit to each tested group. Hence,
our analysis does not make an assumption of equal variances
between groups. This assumption is often violated in usual
ANCOVA models when there are different expected values
between groups and variance typically scales with the expected
value. Taken together, RMCA is less complex and easier to
interpret than a random effects model with the drawback of
being less flexible and not as easily scalable to more complex
multi-level designs (15). Other common statistical methods such
as Pearson or Spearman correlation cannot be applied as they
assume independent observations.

4.3. Study limitations

The present study was conducted using the most commonly
employed TAC parameters with respect to the age, strain, and
sex of mice, as well as specific suture sizes, materials, and degree
of constriction (13). This approach aimed to effectively control
for potential confounding variables and ensure the relevance of
our results for other research groups utilizing TAC operations as
a model of HE. We deliberately opted for a relatively small
sample size (n = 10 per group), which is common in the field
due to the significant effort associated with this model system.
However, as a trade off of our rigorous methodology, our
findings are limited to the effects of certain suture materials on
male C57BL/6N mice of a specific age. Nonetheless, we believe
that the effect of suture material on TAC outcome is still existent
and relevant under more general conditions.

Another limitation is the fact that we cannot avoid exclusion
bias caused by the early loss of animals in particular study
groups. Thus,
describing the development of body weight, LVmass and LVEF

our results from the RMCA linear model

are “dominated” by animals with a milder phenotype. With this
bias, we consequently underestimate the true effect size. Also, we
have assessed the TAC-induced phenotype solely by survival
the
Consequently we do not know if fetal and fibrotic gene

analysis and echocardiography in present  study.
expression, LV tissue fibrosis and other established markers of
this model are altered due to the chosen suture material. Finally,
we want to mention that the haptic and optical differences in
suture material precluded a blinding of the surgeon and that
only the evaluation of the echocardiographic images was done in

a blinded manner.
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ANOVA for all groups and time points

FIGURE S1

ANOVA of body weight. ANOVA was performed across all four tested groups
at each time point (EchoO, before TAC; Echol-3 at 4, 8 and 12 weeks post
TAC) separately; respective p-values and n-numbers for the different
groups at each time point are given at the top and bottom of each panel.
Note that this analysis does not factor in the paired nature of the data as
compared to RMCA.

Frontiers in Cardiovascular Medicine

1

10.3389/fcvm.2023.1242763

FIGURE S2

ANOVA of FS. ANOVA was performed across all four tested groups at each
time point (EchoO, before TAC; Echol-3 at 4, 8 and 12 weeks post TAC)
separately; respective p-values and n-numbers for the different groups at
each time point are given at the top and bottom of each panel.

FIGURE S3

ANOVA of LVEF calculated from long axis evaluation. ANOVA was performed
across all four tested groups at each time point (EchoO, before TAC; Echol-3
at 4, 8 and 12 weeks post TAC) separately; respective p-values and
n-numbers for the different groups at each time point are given at the top
and bottom of each panel.

FIGURE $4

ANOVA of LVmass. ANOVA was performed across all four tested groups at
each time point (EchoO, before TAC; Echol-3 at 4, 8 and 12 weeks post
TAC) separately; respective p-values and n-numbers for the different
groups at each time point are given at the top and bottom of each panel.

FIGURE S5

ANOVA of Ap. ANOVA was performed across all four tested groups at each
time point (EchoO, before TAC; Echol-3 at 4, 8 and 12 weeks post TAC)
separately; respective p-values and n-numbers for the different groups at
each time point are given at the top and bottom of each panel. Note that
pressure gradient was close to zero before TAC (EchoO) and strongly
increased upon TAC (Echol-3).

RMCA of non-pooled groups 6-0 silk, 7-0 silk, 6-0 prolene and 7-0 prolen

FIGURE S6

RMCA analysis of the development of body weight after TAC for all tested
groups. Individual group of mice operated with either 6-0 silk (A), 7-0 silk
(B), 6-0 prolene (C) and 7-0 prolene (D). Dotted lines indicate individual
animal progression, straight lines indicate the RMCA fit for each animal.
Respective slope factors with SEM and p-values as derived from a z-score
statistic when comparing all groups across each other are given in E.

FIGURE S7

RMCA analysis of the development of FS after TAC for all tested groups.
Individual group of mice operated with either 6-0 silk (A), 7-0 silk (B), 6-0
prolene (C) and 7-0 prolene (D). Dotted lines indicate individual animal
progression, straight lines indicate the RMCA fit for each animal.
Respective slope factors with SEM and p-values as derived from a z-score
statistic when comparing all groups across each other are given in E.

FIGURE S8

RMCA analysis of the development of LVEF derived from long axis evaluation
after TAC for all tested groups. Individual group of mice operated with either
6-0 silk (A), 7-0 silk (B), 6-0 prolene (C) and 7-0 prolene (D). Dotted lines
indicate individual animal progression, straight lines indicate the RMCA fit for
each animal. Respective slope factors with SEM and p-values as derived from
a z-score statistic when comparing all groups across each other are given in E.

FIGURE S9

RMCA analysis of the development of LVmass after TAC for all tested groups.
Individual group of mice operated with either 6-0 silk (A), 7-0 silk (B), 6-0
prolene (C) and 7-0 prolene (D). Dotted lines indicate individual animal
progression, straight lines indicate the RMCA fit for each animal.
Respective slope factors with SEM and p-values as derived from a z-score
statistic when comparing all groups across each other are given in E.

RMCA of pooled groups silk, prolene, 6-0 and 7-0

FIGURE S10

Effect of suture material and size on the development of LVEF derived from
long axis evaluation after TAC. Development of animal LVEF within a 12-
week time period after TAC for mice operated using different suture
material, silk (A) or prolene (B), or using different suture size, 6-0 (C) or 7-
0 (D). Dotted line indicates individual animal progression, straight line
indicates the RMCA fit for each animal. (E) z-score statistic of the
comparison of the RMCA slopes for the pooled data groups. A RMCA of
LVEF for all studied groups is provided in Fig.S8 and ANOVA of LVEF at all
time poits studied provided in Fig.S3.

FIGURE S11

RMCA of left ventricular mass normalised to mouse body weight. Individual
group of mice operated with either 6-0 silk (A), 7-0 silk (B), 6-0 prolene (C)
and 7-0 prolene (D). Dotted lines indicate individual animal progression,
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straight lines indicate the RMCA fit for each animal. Respective slope factors
with SEM and p-values as derived from a z-score statistic when comparing
pooled silk versus prolene and 6-0 versus 7-0 groups are given in E.

FIGURE S12

RMCA of cardiac output. Individual group of mice operated with either 6-0 silk
(A), 7-0 silk (B), 6-0 prolene (C) and 7-0 prolene (D). Dotted lines indicate
individual animal progression, straight lines indicate the RMCA fit for each animal.

FIGURE S13

RMCA of stroke volume. Individual group of mice operated with either 6-0
silk (A), 7-0 silk (B), 6-0 prolene (C) and 7-0 prolene (D). Dotted lines
indicate individual animal progression, straight lines indicate the RMCA fit
for each animal. Respective slope factors with SEM and p-values as
derived from a z-score statistic when comparing pooled silk versus
prolene and 6-0 versus 7-0 groups are given in E.

Parameters of SHAM-operated animals

FIGURE S14

Body weight and functional parameters in SHAM operated animals. Temporal
development and RMCA of body weight (A), left ventricular mass (B), fractional
shortening (C) and pressure gradient (D) for a total of n = 8 SHAM operated
animals. Apart from the aortic constriction SHAM operated mice received
the same treatment and operation procedure as TAC-operated ones.

RMCA with animal XKOE-00385 excluded

Mouse (ID XKOE-00385) of the prolene 7-0 group seemed to develop no
proper heart failure phenotype. A reduction in the FS and LVEF and an
increase in LVmass seen after 4 weeks did not drop/increased further but
even improved/dropped at 8 and 12 weeks post TAC and pressure
gradient values followed the same pattern. A plausible explanation for this
may be provided by a loosening of the aortic constriction after 4 weeks
despite the greatest care in performing the TAC operations. While this
animal is not excluded in the main body of the manuscript, we here
provide a separate RMCA excluding this animal.

Figure S15

RMCA of LVmass excluding animal XKOE-00385. Individual group of mice
operated with either 6-0 silk (A), 7-0 silk (B), 6-0 prolene (C) and 7-0
prolene (D). Dotted lines indicate individual animal progression, straight
lines indicate the RMCA fit for each animal. Respective slope factors with
SEM and p-values as derived from a z-score statistic when comparing all
groups across each other are given in E.

FIGURE 516

RMCA of FS excluding animal XKOE-00385. Individual group of mice operated
with either 6-0 silk (A), 7-0 silk (B), 6-0 prolene (C) and 7-0 prolene (D). Dotted
lines indicate individual animal progression, straight lines indicate the RMCA fit
for each animal. Respective slope factors with SEM and p-values as derived from
a z-score statistic when comparing all groups across each other are given in E.
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