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Systemic ventricular strain and torsion are predictive of elevated
serum NT-proBNP in Fontan patients: a magnetic resonance study
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Background: This study aimed to investigate the associations between cardiac strain, cardiac torsion,
ventricular volumes, and ventricular ejection fraction, with N-terminal pro-B-type natriuretic peptide (N'T-
proBNP) levels in Fontan patients who were age- and gender-matched with healthy control subjects.
Methods: Cardiovascular magnetic resonance (CMR) studies performed in 22 (15 male, 7 female) patients
with single-ventricle physiology (all morphological left ventricles) palliated with Fontan and 17 (10 male,
7 female) age- and gender-matched healthy children volunteers were retrospectively analyzed. Serum
NT-proBNP levels were obtained in Fontan subjects. Standard post-processing of CMR images included
systemic ventricular end-diastolic and end-systolic volumes, stroke volume, cardiac mass, atrioventricular
regurgitation, and ejection fraction. CMR tissue tracking (T'T) software was used to quantify global
longitudinal strain (GLS), global radial strain (GRS), and global circumferential strain (GCS) and torsion
of the systemic ventricle. Pearson and Spearman correlation coefficients were used in comparisons of
correlations between N'T-proBNP and functional parameters in repair Fontan patients. Intra-observer and
inter-observer variability of CMR strain and torsion values were determined from 10 randomly selected
Fontan subjects and 10 randomly selected control subjects.

Results: GLS was significantly lower in Fontan patients than in control subjects (-15.19+2.94 vs.
-19.97+1.70; P<0.001). GLS was not significantly different between normal NT-proBNP levels and high
NT-proBNP levels in Fontan patients (-15.59+2.72 vs. -14.62+3.32; P=0.462). The GCS of repair Fontan
patients was not significantly lower than that of the control group (-16.76+3.27 vs. —17.88£2.26; P=0.235).
GCS was significantly different between normal and high NT-proBNP levels group in Fontan patients
(-17.95£2.43 vs. -15.04+3.67; P=0.036). The peak systolic torsion and peak systolic torsion rates were
significantly lower in Fontan patients than in control subjects (0.81+0.41 vs. 1.07x0.36, P=0.044; 7.36+3.41
vs. 9.85+2.61, P=0.017). Peak systolic torsion was significantly lower in Fontan patients with normal NT-
proBNP levels than in high NT-proBNP subjects (0.67+0.43 vs. 1.01+0.29; P=0.036). GCS and torsion were
more strongly correlated with NT-proBNP in the patient group (r=0.541 for GCS; r=0.588 for torsion,
P<0.01). The parameters of strain and torsion could be reproduced with sufficient accuracy by intra-observer
agreement(biases =0.04 for GLS; biases =0.66 for GCS; biases =1.03 for GRS; biases =0.04 for torsion) and
inter-observer agreement (biases =0.32 for GLS; biases =0.85 for GCS; biases =1.52 for GRS; biases =0.18
for torsion).

Conclusions: GLS is an earlier marker of contractile dysfunction in repair Fontan patients. Peak systolic
torsion may be a biomarker for determining subclinical dysfunction, as it is more strongly correlated with

serum biomarkers of ventricular function than ventricular size or ejection fraction.
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Introduction

Heart failure is a common complication in single-ventricle
survivors with Fontan palliation that is a risk factor for
mortality (1). N-terminal pro-B-type natriuretic peptide
(NT-proBNP) is an important serum biomarker for
pediatric patients with heart disease. In children with
congenital heart disease (CHD), post-surgical NT-proBNP
levels provide valuable prognostic information (2), with
elevated levels strongly associated with the increased
severity of ventricular systolic dysfunction (3).

Cardiovascular magnetic resonance (CMR) imaging is
the reference standard for the quantification of ventricular
volume and ejection fraction in Fontan patients (4).
However, systemic ventricle ejection fraction (SVEF)
reflects the geometric change of SV, but not the contractile
function of the myocardium (5). Strain and torsion are
alternative measures of myocardial deformation. Myocardial
strain has been shown to be an earlier marker of contractile
dysfunction than EF and may be well suited to revealing
subclinical dysfunction in cardiac myocytes (6,7). Torsion
is produced due to the double-helical nature of myocardial
fibers, which results in systolic rotation in opposite
directions between the apex and base of the ventricle in the
longitudinal axis, which is a fundamental property of systolic
function (8,9). Ventricular twist mechanics may provide
a better understanding of the mechanisms of ventricular
dysfunction (10).

However, there is little data on the relationship between
perioperative NT-proBNP levels and CMR measures of
ventricular function in patients with Fontan. Therefore,
the purpose of this study was to investigate the associations
between cardiac strain, cardiac torsion, ventricular volumes,
and ventricular ejection fraction, with N'T-proBNP levels
in Fontan patients who were age- and gender-matched with
healthy control subject. We hypothesized that the global
ventricular strain and torsion would be changed in Fontan
patients and be more strongly associated with NT-proBNP
levels than standard volumetric measures of ventricular
function.
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Methods

Consecutive CMR studies performed between August
2014 and January 2019 in patients with Fontan were
retrospectively identified according to a protocol approved
by an institutional review board. Signed informed
consent had been previously obtained before CMR for
all participants. Subjects were included if serum NT-
proBNP levels obtained within 1 month of the CMR
study were also available. CMR studies in Fontan subjects
were excluded if (I) they had undergone surgery within
the last 6 months; (II) they had other diseases known to
influence NT-proBNP levels, such as abnormalities in
glomerular filtration, pulmonary hypertension, valvular
stenosis (11); (III) they had had inadequate image quality
for imaging analysis; or (IV) they had single-ventricle with
the dominant morphology in the right ventricle (RV) ( due
to the difference in right and left ventricle mechanics).
CMR studies performed in age- and sex-matched healthy
volunteers without evidence of cardiovascular disease by
echocardiography were included as control subjects.

CMR image acquisition

CMR was performed on a clinical 1.5 T scanner (Achieva,
Philips Healthcare, Best, Netherlands) that included
cine steady-state free precession (SSFP) short-axis views
and two- and four-chamber views covering left ventricle.
Acquisition parameters for the cine SSFP sequence were as
follows: 3.1/1.5 ms repetition time/echo time; [288-320] x
[288-320] acquisition matrix; 60° flip angle; 0 mm interslice
gap; 6-7 mm slice thickness; 20-23 reconstructed phases
per cardiac cycle.

CMR image analysis

All image post-processing was conducted with commercially
available software (Version 5.9.1, Circle Cardiovascular
Imaging, Calgary, AB, Canada). The left ventricle end-
diastolic (EDVi) and end-systolic (ESVi) volumes, indexed
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Figure 1 CMR tissue-tracking strain measurement in repaired Fontan patients using Circle CVI42 software. Only the morphological LV

was included in the segmentation, and any residual hypoplastic right ventricle was excluded from the measurements. (A) cardiac 2-chamber

view; (B) cardiac 4-chamber view; (C) cardiac short-axis view (green circle: epicardium; red circle: endocardium).

to body surface area, were obtained from short-axis cine
SSFP images. Stroke volume index (SVi) ejection fraction
(EF) and cardiac output index (COi) were calculated
from EDV and ESV. For Fontan patients, only the
morphological LV was included in the segmentation, and
any residual hypoplastic right ventricle was excluded from
the measurements.

Myocardial strain and torsion of the LV were analyzed
in Fontan patients. Tissue tracking (T'T) analysis using the
same software provided LV (A) global longitudinal (GLS),
radial (GRS), and circumferential (GCS) strain; (B) torsion;
and (C) torsion rate (12). Briefly, endocardial and epicardial
contours were manually drawn on end-diastolic images
for the short-axis and long-axis series. These end-diastolic
contours were then automatically propagated to the other
phases of the cardiac cycle (Figure I). Global strain values
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were derived from a 1D Lagrangian strain calculation.
Torsion was defined as the basal clockwise rotation and
apical clockwise rotation divided by the distance between
apical and basal slices. Torsion rate was defined as the basal
rotational velocity and apical clockwise rotational velocity
divided by the distance between apical and basal slices.

Intra-observer and inter-observer variability of CMR
strain and torsion measurements were determined from
10 randomly selected Fontan patients and 10 randomly
selected control subjects.

Statistical analysis

Statistical analysis was performed using SPSS version
22.0 (IBM, Armonk, NY, USA). Continuous data are
reported as mean = standard deviation. Categorical data
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Table 1 Characteristics of the Fontan patients

Variable Patients (n=22)
CHD details
Single left ventricle 10 (46%)
Tricuspid atresia 6 (27%)
Pulmonary atresia with intact ventricular 6 (27%)
septum
Operative procedure
Late tunnel Fontan 3 (14%)
Extracardiac Fontan 19 (86%)
Fenestrated 17 (77%)
Non-fenestrated 5 (23%)
Ventricular
Complex 2 ventricles 12 (54%)
Single ventricle 10 (45%)
Aorta origin
LV ventricle 18 (82%)
Hypoplastic right ventricle 4 (18%)
NYHA classification
I 18 (82%)
I 4 (18%)
NT-ProBNP
>125 pg/mL 9 (41%)
<125 pg/mL 13 (59%)

are reported as numbers with percentages. Comparisons
between 2 groups were made using an independent
Student’s ¢-test for normally distributed data and Mann-
Whitney U test for non-normally distributed continuous
variables using GraphPad prism version 6.0. Pearson and
Spearman correlation coefficients were used in comparisons
of correlations between N'T-proBNP and functional
parameters (EDV, ESV, SV, EF, GLS, and torsion) for
normal and non-abnormal distribution in repaired Fontan
patients. Comparisons among 3 groups were made with
one-way analysis of variance (ANOVA) for normally
distributed data and the Kruskal-Wallis test for non-
normally distributed continuous variables. According to the
determined distribution, the Tukey’s and Dunn’s multiple
comparisons tests as post hoc analysis were used in the
comparative analysis between the 2 groups. Both intra-
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observer and inter-observer variabilities were calculated as
the mean difference and intra class correlation coefficient
between 2 independently measured variables. Statistical
significance was indicated by P<0.05.

Results

Between August 2014 and January 2019, 32 (18 male, 14
female) Fontan patients underwent CMR. Of these 32
patients, 10 were excluded due to pulmonary hypertension
in 4 cases, a morphologic right systemic ventricle in 4
cases, and poor image quality in 2 cases. For the final
analysis, a total of 22 (15 male, 7 female, 10.09+3.26 years)
Fontan patients with morphological LV and 17 (10 male,
7 female, 11.23+2.19 years) control subjects were included.
Of the 22 Fontan patients, 10 had a single left ventricle
(5 tricuspid atresia, 2 transpositions of the great artery,
3 others) and 12 had a dominant left ventricle (6 tricuspid
atresia, 6 pulmonary atresias with an intact ventricular
septum). With respect to N'T-proBNP levels, 9/22 (41%)
had elevated levels (>125 pg/mL) while 13/22 (59%) had
normal levels (<125 pg/mL). Additional data for the Fontan
patients, including operative procedure and New York
Heart Association (NYHA) classification are summarized in
Table 1.

Cardiac function

Basic cardiac function values in the Fontan patients and
control subjects are summarized in Table 2. There were no
significant differences between Fontan patients and control
subjects for heart rate (P=0.342), EDVi (P=0.704), ESVi
(P=0.193), SVi (P=0.90), EF (P=0.05), and COi (P=0.221).

Ventricular strain and torsion

Results of the strain and torsion analyses in the Fontan
patients and control subjects are summarized in 7able 2. The
magnitude of GLS and GRS was significantly lower in Fontan
patients than in control subjects (P<0.001 for GLS; P=0.002
for GRS). GCS was similar in Fontan patients and control
subjects (P=0.235). Peak systolic torsion and peak systolic
torsion rates were significantly lower in Fontan patients
than the control group (P=0.044, P=0.017, respectively).
The mean peak systolic torsion of repaired Fontan patients
was 0.66=0.62 deg/cm, compared with 0.91+0.42 deg/cm
in the control group. The mean peak torsion rate of
repaired Fontan patients was 4.22+6.66 deg/(cm*s),

Quant Imaging Med Surg 2020;10(2):485-495 | http://dx.doi.org/10.21037/qims.2020.01.07



489

d Surgery, Vol 10, No 2 February 2020

ing in Medicine an

Quantitative Imag

"s|qeol|dde 10U ‘YN ‘|041U0D "SA JNgOId-I N [BULIOU ‘fd ‘|0AU0D 'SA dNgoid-IN UBIY ‘ed ‘dNgoId-1N [ewiou 'sA gNgoid-IN UbBlY ‘gd ‘|043u0o
"SA UBJUOS |[e ‘|d "9ouediubis [EOIISIBIS JO S8oUaIayIp Jussaldal siequinu pap|og "UONEBIASP PJEPUE]S F UesW se pauodal ale Bled "100°0>d ‘wx -10°0>d ‘« :S0°0>d

+900°0 2eo 0€'0 +10°0 19'2¥68'6 19°€¥62'8 Lg'e¥el’9 L 'EF9€" L (s,Wwo/Bop) 83ed UOISIO} ead
+10°0 G090 «9€0°0 00 9€°0¥.0°L 62°0F 0L €v'0F29°0 L7 0%18°0 (wo/Bep) uoisio} oljoisAs sead
100 «10000> G600 2000 66'9¥88°/€ 68'9Flg'/2 €G°/¥70L°2¢ 8G°LFGY'0¢ (%) sHD
7€6°0 200 «9€0°0 GeT0 9z'2¥88 L1 L9°EFP0'GL- €Y' 2FG6° L1 1T°€¥9.°91- (%) S0D
wxl00'0>  .l000>  29Y'0  .xl00'0> 0L }¥.6'6L- 2eEFI9 YL 2L'2F65'GL— ¥6'2F6L'GL- (%) S19
- - 1160 - - 60'LFET L)L L0VFGO'LL G9'8FVE LL (%) uonyeybinBbai aAeA AY Yo
+900°0 w00 GE80 2000 12’ Z1¥90°69 LL'L1¥29°2S 18°91%62°0G 0991721 (6w) xepul ssew oelpred Al
2.00 7190 20%°0 L2e0 20°1798°€ 9L°TFre Y 76'2¥0€'S 88°2F8.LY (;w,uiw/T) xepul indino oelpsed
0040 2500 2680 S0'0 LL'v¥F9€'€9 81'GF1L'6S 0G°L¥/5'65 19'9F8€'6S (%) 43
2670 9v8'0 1220 060 16°2LF7. 08 26'91¥8G°61 €L L1FS8'9Y 22 12¥00°08 (;w/Tw) xapul SWN|OA 8¥j0oNS
¥62°0 81L€0 1960 €610 €1°6¥2/'62 28'GLFOVE 98'91F6€ ¥ €9'91¥2£'5¢ (;w/Tw) xopul AS3
0€6°0 9280 9€8°0 7020 80'9LFL2'L8 T'1EFGLE8 9'0€¥16'08 69'VEF61'G8 (;w/w) xepul AQ3
1280 49200 gLro 1920 9LOFLLL GG'2FL6°0 LE0F8L'L LE°0¥80'L (;w) eaue a0epNS Apog
16€°0 6670 180 2reo vIFLL GLFI8 61¥28 91¥18 (emnuiw Jed syesq) oyes YesH
- - LLY'0 - VN ¥2'2¥SS'S Zr'eFie9 €€'2¥00'9 (sseah) Aiobins uejuo4 ouis awi |

- - - - L/0k /S €/0k L/Sh (srewsy/oleW) x93
6060 1200 GSL0 6610 6L2FET L 92'2¥68'8 99'€¥26°0L 92'€¥60°01 (s1eak) HND 1e oby
vd ed 2d Id (L1=u) © “w/_.m__ﬁ\mmwm a Amrn_,w_m.__%moﬁmﬁv (ez=u) v E1ep

s108[gns |0Jju0)

Sjusiied uejuo4

HIND pue sofisueloeleyo sauljeseq

sjonuod pue syuaned ur syuswdINSEIW YIND T I[qRL,

Quant Imaging Med Surg 2020;10(2):485-495 | http://dx.doi.org/10.21037/qims.2020.01.07

© Quantitative Imaging in Medicine and Surgery. All rights reserved.



490 Hu et al. GLS and torsion may be markers of contractile dysfunction in r-Fontan patients

1.5
— Control group
= — Patient grou
£ 1.0 group
L
D
S
= 0.51
Ke]
[4
2 0.0 r . Fx
10 20 30
Time Frame
-0.5-
101

— Control group
— Patient group

o (6]
1 L

Torsion rate (deg/(cm*s)
|
(¢}

Time Frame

N
o
L

Figure 2 Comparison of average peak torsion and peak torsion
rates between the repaired Fontan and control groups. The
mean peak systolic torsion of repaired Fontan patients was
0.660.62 deg/cm, compared with 0.91+0.42 deg/cm in the control
group. The mean peak torsion rate of repaired Fontan patients was
4.22+6.66 deg/(cm*s), compared with 5.34£5.66 deg/(cm*s) in the
control group. The bar represents mean and SD 95% CIL.

compared with 5.34x5.66 deg/(cm*s) in the control group
(Figure 2).

Correlation analysis with strain/torsion and N'T-proBNP
levels

GCS and torsion were strongly correlated with N'T-
proBNP in the patient group (r=0.541 for GCS; r=0.588 for
torsion, P<0.01) (7able 3). The various volumetric and other
parameters were not correlated with N'T-proBNP in the
patient group (P>0.05).

Subgroup analysis of Fontan patients with NT-proBNP

levels

The results of the subanalysis of Fontan patients with
normal and elevated NT-proBNP levels to each other
and with control subjects are summarized in 7able 2. The
difference between GLS was significantly different among
normal NT-proBNP levels (group 1), high NT-proBNP
levels (group 2) in Fontan patients and the control group
(group 3) (P<0.001). There was no significant difference

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

between the normal and high NT-proBNP level groups by
multiple comparisons (P>0.05). GCS showed significant
difference between the 3 groups (P=0.0284), and there
was a statistical difference between group 1 and group 2,
and group 2 and group 3 by multiple comparisons. GRS
showed no significant difference between the 3 groups
(P=0.056), but there was a difference between group 2 and
group 3. Peak systolic torsion was significantly different
among the normal and high N'T-proBNP level groups in
Fontan patients and the control group (P<0.001) (Figure 3),
but there was no significant difference between the high
NT-proBNP level group and the control group in multiple
comparisons (P>0.05). Peak systolic torsion was significantly
different among the 3 groups (P=0.031), and there was
statistical difference in group 1 and group 2, and group 1
and group 3 by multiple comparisons (Figure 3). The peak
torsion of the high NT-proBNP plasma level groups was
higher than normal one in the patient group (1.01+0.29 vs.
0.67+0.43, P<0.05).

Reproducibility

Table 3 summarizes the results of the intra-observer and
inter-observer analysis for strain and torsion parameters.
Intra-observer agreement was excellent for GLS, GCS, and
GRS [all intraclass correlation coefficient (ICCs) >92%]
and acceptable for torsion (ICCs >88%). Inter-observer

agreement was lower than intra-observer agreement (all
ICCs >83%).

Discussion

Tissue tracking CMR can ascertain distinctive features of
the myocardium throughout the cardiac cycle and calculate
mechanical indices, such as strain, strain-rate, twist, and
torsion. In our study, GLS and GRS were significantly
lower in the repaired Fontan group compared with the
control group. GLS is governed by sub-endocardial fibers,
which run parallel to the long axis. GLS is susceptible to
pathological processes that involve endocardial layers,
and is one of the earliest markers of regional systolic
dysfunction (13). There was compensation for cardiac
muscle insufficiency in the repaired patient group, which
made GLS continuing to decrease while GCS increase,
lasting until GLS recovered (14). Our study found that
cardiac function and GCS were not significantly different
in the repaired Fontan group compared with the control
group, while GLS was not significantly different in the
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Table 3 Comparison of correlations between N'T-proBNP, strain/torsion, and cardiac function in repair Fontan patients

NT-proBNP r P
EDV index (mL/m? 0.065 0.772
ESV index (mL/m?) 0.08 0.716
Stroke volume index (mL/m?) 0.04 0.851
EF (%) -0.147 0.512
Cardiac output index (L/min*m?) -0.074 0.742
GLS (%) 0.247 0.267
GCS (%) 0.541* 0.009*
GRS (%) -0.381 0.053
Peak systolic torsion (deg/cm) 0.588* 0.004*
Peak torsion rate (deg/cm®s) 0.029 0.895
EF (%)

Peak systolic torsion (deg/cm) -0.30 0.139
Peak torsion rate (deg/cm®*s) -0.13 0.431

*, numbers represent differences of statistical significance. Bolded numbers represent differences of statistical significance.

normal NT-proBNP level group compared to the high N'T-
proBNP level group (Table 2). We also found that the GCS
of the normal N'T-proBNP level group was significantly
lower than the GCS of the high NT-proBNP level group.
We speculate that the deterioration in N'T-proBNP levels
represents a repeated ventricular overload. Finally, GLS
continued to decrease over time due to the failure of
compensatory changes in GCS, myocardial pump failure,
and ventricular dilation ensue.

GLS was found to be an independent and superior predictor
of outcome when compared with radial and circumferential
strain defined by late gadolinium enhancement (15).
In our study, GLS differed significantly with normal and
abnormal N'T-proBNP levels and healthy controls. There
was no significant difference between the normal and
high NT-proBNP level groups by multiple comparisons.
Meanwhile, GLS was not correlated with N'T-proBNP
in the patient group. But it was more correlated with
serum biomarkers of ventricular function than ventricular
size or ejection fraction (r=0.247 P=0.267) (Table 3).
These results are in accordance with other findings that
have GLS as an earlier marker of contractile dysfunction
than GCS (16).

In our study, peak systolic torsion and peak systolic
torsion rates were lower in the repaired Fontan group
than the control group. There are explanations for this

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

finding. Firstly, cardiac microstructural changes could
lead to reduced twisting. Fontan circulation results from
the routing of the systemic venous blood to pulmonary
circulation without a hydraulic source of a ventricle.
Secondly, functional single ventricle (FSV) is often
characterized by volume overload with resultant dilation,
rearrangement of myofiber, and myocardial fibrosis in the
early stage before operation (17). As myocardial fibrosis is
more pronounced in the epicardium, it reduces the counter
clock-wise motion dominated by a left-handed helix at the
epicardium, and it is one of the reasons for the reduction of
twisting in FSV (4). In our study, the average peak systolic
torsion of repaired Fontan patients was 0.66+0.62 deg/cm
and occurred much earlier than with the 0.91+0.42 deg/cm
peak of the control group. The mean peak torsion rate
of repaired Fontan patients was 4.22+6.66 deg/(cm*s)
[compared with 5.34+5.66 deg/(cm*s) in the control
group]. We found that the torsion and torsion rate peaked
earlier than those of the control group (Figure 2). This
can be explained by the following. First, the deterioration
in twisting motion stemmed from the rearrangement of
myofibers that could not be relieved in the Fontan patient
group. Interestingly, the LV torsion rate and torsion rate
did not demonstrate a significant relationship with LVEF in
our study (r=-0.30, P=0.139 for torsion; r=-0.17, P=0.43 for
torsion rate). This suggests that the LV torsion and torsion
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Figure 3 Comparison of cardiac strain and torsion stratified according to N'T-proBNP levels (high >125 pg/mL and normal <125 pg/mL) in

the repaired Fontan patients and healthy control groups. The difference between repaired Fontan patients with high NT-proBNP levels and

healthy controls yielded significance for the peak torsion (P<0.05). Longitudinal strains differed significantly between 3 groups. The box plot

is the median and interquartile range for strain and torsion in patients and healthy controls. Group 1: repaired Fontan patients with normal
NT-proBNP levels. Group 2: repaired Fontan patients with abnormal NT-proBNP levels. Group 3: healthy controls. *, P<0.05; **, P<0.01;

o P0.001.

rate may be reduced earlier in post-Fontan cases compared
with controls when the LV function is preserved. Second,
the anatomical abnormality of FSV also contributes to an
imbalanced twisting motion. In contrast to an LV in the
normal heart, the suboptimal ventricular function of FSV
may result in a poor twisting motion, leading to an earlier
peak systolic torsion. As torsion contributes to energy-
efficient ejection, reduced torsion might be a potential
marker for early myocardial dysfunction (18). However, this
hypothesis requires further prospective evaluation.

Previous research reported (19,20) increased apical twist
in severe LV pressure overload and aortic stenosis, which
occurred as an adaptive or compensatory mechanism.
Gnakamene et al. (21) showed that basal LV torsion was

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

associated with increased aortic stiffness and improved
diastolic function with hypertension. In our study, the
difference between repaired Fontan patients with normal
NT-proBNP levels and healthy controls yielded significance
for the peak torsion. The reason for this is that low preload
with chronic myocardial remodeling after the Fontan
operation leads to altered ventricular geometry, decreased
compliance, increased end-diastolic pressure, and possible
high NT-proBNP plasma levels (1). In our study, LV
function, cardiac mass, and AV valve regurgitation were not
statistically different between the normal NT-proBNP level
and high N'T-proBNP level subjects.

Meanwhile, peak systolic torsion was significantly lower
in Fontan patients with normal N'T-proBNP level than in
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Table 4 Intra-observer and inter-observer variability for strain and torsion indices

Intra-observer (n=20)

Inter-observer (n=20)

Parameter

Biases + SD ICC Biases + SD ICC
GLS (%) 0.04+3.26 98.4% 0.32+3.36 96%
GCS (%) 0.66+2.34 95.7% 0.85+2.59 89.1%
GRS (%) 1.03+7.67 92.4% 1.52+6.65 86.8%
Peak torsion (deg/cm) 0.04+0.39 90.7% 0.18+0.36 83.5%
Peak torsion rate (deg/cm®s) 0.12+2.24 88.5% 0.17+2.41 85.7%

2.01
® High NT-proBNP levels
= 1.54 ® Normal NT-proBNP levels
L2
2 1.0
k2
§ 0.5 {
s oLt
2 0.0
10 20 0
-0.54 Time Frame
104 o High NT-proBNP levels

®Normal NT-proBNP levels

Time Frame

Torsion rate (deg/(cm*s)

Figure 4 Comparison of torsion and torsion rate stratified
according to NT-proBNP levels with all phases (high >125 pg/mL
and normal <125 pg/mL) in the repaired Fontan patients. The bar
is mean and SD 95% CL

high N'T-proBNP level subjects (Figure 4). Our explanation
for this is that the high N'T-proBNP level subjects entered
the compensatory period (elevated afterload) earlier than
the normal N'T-proBNP level subjects. Twisting helps
generate high ventricular pressure and a large ventricular
ejection volume, with the highest cardiac working efficiency.

Furthermore, torsion was strongly correlated with
NT-proBNP in the patient group (r=0.588 for torsion,
P<0.01). Torsion may be a key factor of a compensatory
mechanism to maintain global systolic function during
following up of Fontan patients, despite the alteration of
myocardial shortening and structure. Although LV torsion
has not yet been included in clinical practice guidelines, its
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inclusion will likely prove to be useful (7).

NT-proBNP is the best independent predictor of
mortality, and was shown to be able to assess mortality
risk for all patients in a large cohort comprising every
CHD type (22). Our study excluded abnormalities in
glomerular filtration rate, pulmonary hypertension, and
valvular stenosis, and we ensured that the NT-proBNP
plasma level was not affected by the influence of obesity and
renal function. The repaired Fontan patients were NYHA
I-1I in our study; which does not warrant a positive
long-term clinical outcome in contrast to low values of
NT-proBNP (Tible I). In our study, 3 cases had reduced EF
(<55%), but 8 cases had significantly elevated N'T-proBNP
plasma levels (>125 pg/mL). High NT-proBNP plasma
levels are associated with the severity of ventricular systolic
dysfunction. NT-proBNP is the standard of decompensation
for cardiac insufficiency and represents an increase of
ventricular pressure. The increase of ventricular pressure
is the main reason for the increase of NT-proBNP, while
there is no relationship between EF and N'T-proBNP (23).
Meanwhile, the parameters of cardiac function were not
correlated with N'T-proBNP in the patient group (1able 3).

Biases and ICC for global strain, torsion, and torsion
rates for intra-observer and inter-observer variability are
summarized in Table 4. GLS showed a higher ICC (0.98 and
0.96) than GCS and GRS. There was good reproducibility
for global peak torsion ICC 0.90 and 0.83) and global peak
systolic torsion rate (ICC 0.88 and 0.85).

Limitations

There are some limitations to this study. Firstly, this was
a single-center, retrospective study performed at a large
hospital, so the inherent limitations of this study design
cannot be avoided. The number of volunteers in the
control group was also limited. Secondly, some authors

Quant Imaging Med Surg 2020;10(2):485-495 | http://dx.doi.org/10.21037/qims.2020.01.07



494 Hu et al. GLS and torsion may be markers of contractile dysfunction in r-Fontan patients

mentioned that NT-proBNP is affected by body-mass
index, age, and the sex of patients, and we did not evaluate
the impact of these co-variables in this study (24). Thirdly,
late enhancement was only performed in some post-
Fontan cases, so the clinical utility of the late myocardial
enhancement should be investigated in future studies.
Fourthly, some investigators have also expressed torsion
as representing the shear deformation angle, with torsion
normalized by twist angle and LV radius; we did not assess
the torsional shear angle in our study.

Meanwhile, GRS is not a good indicator of repeatability
in strain research, so its clinical significance is extremely
limited. We also did not discuss the value of GRS (25).
Fifth, myocardial strain and torsion of the single ventricle
with the dominant left ventricle were analyzed in Fontan
patients. There were 10 cases of single ventricle with the
dominant left ventricle and 12 cases of complex 2 ventricles
(the functional single left ventricle with hypoplastic right
ventricle; the hypoplastic right ventricle was not included
in strain and torsion analysis. In the exclusion criteria of
our study, a single ventricle with dominant morphological
RV was excluded because of the difference in RV and LV
mechanics. The ventricular mechanics in Fontan patients
with single ventricles have rarely been studied, and it remains
uncertain how the mechanical changes of single ventricle
with dominant left ventricle differs from those of functional
single left ventricle with hypoplastic right ventricle in the
repaired Fontan patients. This mechanism needs to be
further studied and confirmed. Sixth, the regional strain
may better explain the myocardial strain in a compensatory
period than global strain, and it should be investigated in
future studies.

Conclusions

Strain and peak systolic torsion analysis, as measured
by CMR, are clinically feasible and accessible tools for
systemic ventricular function quantification. GLS is an
earlier marker of contractile dysfunction in repair Fontan
patients. Peak systolic torsion may be a biomarker for
determining subclinical dysfunction, as it is more strongly
correlated with serum biomarkers of ventricular function
than ventricular size or ejection fraction.
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