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Congenital heart defects (CHDs) are among 
the most common congenital anomalies, 
.�/0�12��23�45235�6127�27�869:�(�/9����;56�

�<"""�=�>5�?�6/0@�A��B��E05F�65;65@52/�1�4�>56@5�769G;�
of developmental abnormalities of the heart and great 
vessels that arise during the embryonic period and are 
98/52�1339:;12�54�?F�@�72�I312/�05:94F21:�3�4�@	
/G6?1235@��%J$@�165�/614�/�921==F�3=1@@�I54��2/9�3F	
129/�3�124�13F129/�3�896:@<�.0�30�4�K56��2�/56:@�98�
hypoxia severity, clinical manifestations, and surgical 
1;;69130�A�B��J9.5>56<��23651@�27�5>�45235�@G775@/@�
that the course and treatment outcomes of CHDs are 

determined not only by the anatomical defect but also 
?F�@F@/5:�3�?�9=97�31=�;6935@@5@�@G30�1@��2L1::1/�92<�
�::G25�4F@657G=1/�92<�124�1;9;/9@�@�A�"B�

In children with CHDs, the immune system often 
exists in a state of chronic activation, especially in the 
presence of hypoxic conditions characteristic of cya	
notic defects. Hypoxia and tissue ischemia are asso	
3�1/54�.�/0�1=/561/�92@��2�E	35==�;9;G=1/�92@<��23=G4	
�27� 654G3/�92@� �2� %$�)� �/9/1=� E�35==@ <� %$�)�
�E	05=;56�35==@ <�124�%$()��3F/9/9O�3�E�35==@ <�1=927�
.�/0�4�@6G;/54�?1=1235�?5/.552�/05@5�@G?@5/@�A
<��B��
�G30��::G25�@0�8/@�:1F�5201235��2L1::1/�92<��:	
pair tissue repair, and promote the progression of 
heart failure. Moreover, increased expression of acti	
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>1/54�=F:;093F/5@��5�7�<�JST	$U) �124��:;1�654�
4�K5652/�1/�92�98�21/G61=�R�==56�35==@��%$��!��) �
01>5�?552�65;96/54��2�/05@5�;1/�52/@�A(B�

A central mechanism of tissue damage in CHDs is 
programmed cell death, or apoptosis. Particular at	
/52/�92�01@�?552�7�>52�/9�/05�%$&��:9=53G=5��X1@!
TYZ	� <�.09@5�13/�>1/�92�/6�7756@�12��2/6135==G=16�
31@3145�=514�27�/9�35==�4576141/�92�A�B��[=5>1/54�=5	
>5=@�98�%$&�)�=F:;093F/5@��24�31/5�13/�>1/�92�98�
1;9;/9/�3�;1/0.1F@<�.0�30�:1F�813�=�/1/5�/05�65:9	
val of damaged cells but also contribute to immune 
5O01G@/�92�124�:F93164�1=�/�@@G5�65:945=�27�A�
B��
Children with severe forms of CHDs and signs of 
chronic hypoxia often present with a combination of 
�::G2945I3�523F�124�52012354�1;9;/9@�@<�8G6/056�
17761>1/�27�/05�3=�2�31=�39G6@5�A�B�

T=927@�45�35==G=16��::G25�1=/561/�92@�124�1;9;	
tosis activation, there is marked production 98�;69	
�2L1::1/96F�3F/9R�25@���::G297=9?G=�2	����S	� �
124�/G:96�25369@�@�813/96	1=;01��E�X	�) play key 
69=5@��2�/05�@F@/5:�3��2L1::1/96F�65@;92@5�124�:F9	
cardial remodeling A��B��E05�6�392352/61/�92@�165�4�	
rectly correlated with disease severity, degree of hy	
poxia, and risk of developing pulmonary hypertension 
124�301:?56�4�=1/�92�A�<�B��XG6/056:965<��S	��@/�:G	
=1/5@�/05�13G/5	;01@5�65@;92@5<��23=G4�27�5=5>1/54�%	
6513/�>5�;69/5�2�=5>5=@<�.0�=5�E�X	� exerts cytotoxic 
5K53/@�92�3164�9:F93F/5@�124�;69:9/5@�I?69@�@�

Several clinical and experimental studies have 
demonstrated that immune and apoptotic markers may 
@56>5�1@�?�9:16R56@�896�%J$�@5>56�/F�@/61/�I31/�92�124�
9G/39:5�;654�3/�92�A�<��<��B��J9.5>56<�:9@/�5O�@/�27�
studies are limited by small cohorts or lack comparative 
121=F@5@�?5/.552�4�K5652/�896:@�98�%J$�

Therefore, there is a pressing need for a compre	
hensive assessment of immune, apoptotic, and in	
flammatory parameters in children with various 
clinical forms of CHD, aimed at identifying underly	
ing patterns and determining their diagnostic value.
��
��
��of this study is to conduct a comprehen	

@�>5�121=F@�@�98�/05��::G25�@/1/G@<�3F/9R�25�;69I=5<�
and apoptosis activity in children with CHDs of dif	
85652/�3=�2�31=�/F;5@�̂ �13F129/�3�124�3F129/�3�̂ �39:	
pared with healthy controls. Special attention is 
7�>52�/9�/05�65=1/�92@0�;�?5/.552�0F;9O�1<�%$&��
5O;65@@�92<�124�;69	�2L1::1/96F�3F/9R�25@��2�65=1	
tion to the clinical form of the defect.

���
�
���������
�����������
������
E0�@�@/G4F�.1@�45@�7254�1@�1�65/69@;53/�>5	;69	

spective cohort comparative study, conducted at 

a pediatric cardiology department and an immuno	
=97�31=�65@51630�=1?961/96F�?5/.552��"�&�124��"����
E05�;6�:16F�9?_53/�>5�.1@�/9�1@@5@@�124�39:;165�
�::G29=97�31=<�1;9;/9/�3<�124��2L1::1/96F�;161	
meters in children with various forms of CHDs, 
compared to healthy controls.
����������	�
����
�
���
�����
������
���
��A total of 

����30�=4652�1754�869:���41F@�/9��
�F516@�G2456.52/�
comprehensive clinical evaluation and laboratory test	
ing. All participants were categorized into three groups:

^�j69G;����2q�� '�30�=4652�.�/0�13F129/�3�%J$@�
(e.g., atrial or ventricular septal defects, patent ductus 
arteriosus, valvular stenosis without hypoxemia);

^�j69G;����2q�( '�30�=4652�.�/0�3F129/�3�%J$@�
(e.g., Tetralogy of Fallot, transposition of the great 
arteries, truncus arteriosus, etc.);

^� %92/69=� 769G;� �2q�� '� 051=/0F� 30�=4652�
matched by age and sex, without cardiovascular, in	
L1::1/96F<�96��::G25	65=1/54�4�@96456@�

T==�30�=4652�G2456.52/�1�3=�2�31=�124�45:9761	
phic survey including age, sex, resting oxygen satu	
ration (SpO�), presenting symptoms, and signs of 
heart failure. SpO� in the Control group ranged from 
&(^&&~<��2�/05�j69G;���869:�&�^&&~<�124��2�/05�
j69G;���869:�
"(&~�
����
���
��������
�
�����������	��
��Venous 

blood samples were collected in the morning on an 
5:;/F�@/9:130���=994�.1@�461.2��2/9�[/0F=525	
diaminetetraacetic Acid (EDTA) tubes for cellular 
analysis and dry tubes for serum separation.
�����	����
��� was used to evaluate cellular im	

munological and apoptotic markers. The analysis 
.1@�;56896:54�G@�27�/05�[;�3@��S�L9.�3F/9:5/56��
The following parameters were assessed:

• %$�)<�%$�)<�%$()�^�E	=F:;093F/5�@G?;9	
pulations;

• %$�&)�̂ ��	=F:;093F/5@�
• %$��!��)�̂ �21/G61=�R�==56���� �35==@�
• JST	$U)�̂ �13/�>1/54�=F:;093F/5@�
• %$&�)�̂ �1;9;/9/�3�:16R56��X1@!TYZ	� �
Q9293=921=�392_G71/54�12/�?94�5@���53R:12�

Coulter) were used with a direct staining method, 
including double and triple color labeling.
�����
��
��
������������
������������� �! 

was used to determine serum concentrations of in	
L1::1/96F�3F/9R�25@'

• �2/56=5GR�2	����S	� �
• EG:96�25369@�@�813/96	1=;01��E�X	�).
Additional parameters included leukocyte and 

lymphocyte counts, immune regulation index 
��U��q�%$�!%$( <�124�/9/1=�:1@@�98�=F:;093F/5@�
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�����
�����������
�
 was performed using SPSS 
>����124�YF/092��Y1241@<��3�YF ���G12/�/1/�>5�>16�	
ables were described using mean (M), standard de	
viation (SD), median, and interquartile range 
���U ��j69G;�39:;16�@92@�.565�3924G3/54�G@�27�
the following methods:

• �/G452/�@�/	/5@/��896�296:1==F�4�@/6�?G/54�41/1 <
• Q122^�0�/25F�#�/5@/��896�292	296:1=�4�@/6�	

butions),
• Z25	.1F�T�Z�T��896�:G=/�	769G;�39:;16�@92@ <
• %0�	@�G165����) test (for categorical variables).
�/1/�@/�31=�@�72�I31235�.1@�@5/�1/�;�"�"���T44�	

/�921==F<�&�~�392I45235��2/56>1=@��&�~�%� �.565�
calculated, and box plots and bar plots were used for 
data visualization.

The study was approved by the Local Ethics Com	
mittee. The written informed consent was obtained 
from the parents or legal guardians of all participat	
ing children.

"
�����������
������
The average age of study participants was 

������
�F516@��$�@/6�?G/�92�?F�175�124�752456�.1@�
comparable across groups, with no statistically sig	
2�I312/�4�K565235@��;�"�"� ��J9.5>56<�SpO� levels 
4�885654� @�72�8�312/=F'� 30�=4652� �2� /05� j69G;� ��
@09.54�;6929G2354�0F;9O5:�1��
"^(&~ <�.0�=5��2�
/05�%92/69=�769G;�@1/G61/�92�.1@�&(^&&~�

Clinical and laboratory characteristics are pre	
@52/54��2�E1?=5���
������������
��

��������� ����!��"�#$�%&
E05�=5>5=�98�%$�)�=F:;093F/5@�.1@�453651@54��2�

/05�?9/0�j69G;@���124���39:;1654�/9�/05�%92/69=�
769G;��E05�:512�>1=G5@�.565'�/05�%92/69=�769G;�^�
���~<�/05�j69G;���^����&~<�/05�j69G;���^�����~�
�;�"�"� ��T=/09G70�1�/6524�.1@�;65@52/<�4�K565235@�
.565�29/�@/1/�@/�31==F�@�72�I312/�

More prominent changes were observed for 
%$�)�E	05=;56�35==@<�.0�30�.565�@�72�I312/=F�=9.	

56��2�/05�j69G;���39:;1654�/9�/05�%92/69=�769G;�
�����~�>@��(�"~<�;�"�"� ���2�j69G;��<�/05�453651@5�
�2�%$�)�.1@�:94561/5���"��~ �124�29/�@/1/�@/�31=	
=F�@�72�I312/�

%$()�3F/9/9O�3�E�=F:;093F/5@�.565�@=�70/=F�5=5	
>1/54��2�/05�j69G;��������~ �39:;1654�/9�/05�%92	
/69=�769G;���"��~ �124�/05�j69G;�����"�(~ ��J9.	
5>56<�/05�4�K565235@�.565�29/�@/1/�@/�31==F�@�72�I312/�
�;�"�"� �

T�@�72�I312/��23651@5��2�JST	$U)�=F:;093F/5@<�
a marker of immune activation, was observed in the 
j69G;@���124���39:;1654�/9�/05�%92/69=�769G;'�
�(��~�124�����~�>@�����~��;�"�"�<�E1?=5�� �
'��#�����������
��
���()
Z25�98�/05�R5F�I24�27@�.1@�1�@/1/�@/�31==F�@�72�I	

312/��23651@5��2�%$&�)�=F:;093F/5@�^�1�:16R56�98�
programmed cell death. In the Control group, the 
=5>5=�.1@�(�
~<�39:;1654�/9��"��~��2�/05�j69G;���124�
�&��~��2�/05�j69G;����E05�4�K565235@�.565�0�70=F�@�7	
2�I312/��;�"�""� ��E0�@��24�31/5@�1;9;/9@�@�13/�>1	
tion and potential involvement of the Fas/FasL sig	
21=�27�;1/0.1F��2�0F;9O�1	65=1/54�;1/097525@�@�
�����������
*���$+�����,-.$�
E�X	�<�1�R5F�;69	�2L1::1/96F�3F/9R�25<�.1@�@�7	

2�I312/=F�5=5>1/54��2�30�=4652�.�/0�%J$@��E05�:54�12�
=5>5=��2�/05�%92/69=�769G;�.1@�(���;7!:S<�.0�=5��2�/05�
j69G;@���124����/�.1@����
�;7!:S�124������;7!:S<�
65@;53/�>5=F��;�"�""� ���S	��41/1�.565�;16/�1==F�:�@@	
ing in the Control group, limiting statistical compari	
@92@���5>56/05=5@@<��S	��/52454�/9�?5�5=5>1/54��2�%J$�
patients, especially in cyanotic forms.
 ����

�������

%9665=1/�92�121=F@�@�65>51=54�1�@/1/�@/�31==F�@�72�	

I312/�;9@�/�>5�39665=1/�92�?5/.552�%$&��124�E�X	� 
�6q"���&<�;�"�""� <�124�1�2571/�>5�39665=1/�92�?5/	
.552�%$�)�124�E�X	���6q	"���"<�;q"���" ��E05@5�
I24�27@�@G;;96/�/05�69=5�98�;69	�2L1::1/96F�3F/9	
kines in apoptosis induction and immune disruption. 
E05�41/1�165�;65@52/54��2�E1?=5���
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E05�I24�27@�98�/0�@�@/G4F�392I6:�/01/�30�=4652�
with CHDs, particularly those with cyanotic forms, 
5O0�?�/�@�72�I312/�1=/561/�92@��2��::G25�@/1/G@�124�
activation of apoptotic processes. These disturbanc	
5@��2>9=>5�35==G=16��::G2�/F��%$�)<�%$�)<�%$() <�
;69	�28=1::1/96F�:54�1/96@��E�X	�<��S	� <�124�
apoptotic activity, as evidenced by elevated 
%$&��5O;65@@�92�

Z25�98�/05�R5F�9?@56>1/�92@�.1@�1�@�72�I312/�65	
4G3/�92��2�%$�)�E	05=;56�35==@�1:927�;1/�52/@�.�/0�
3F129/�3�%J$@��%$�)�35==@�;=1F�1�352/61=�69=5��2�
regulating the adaptive immune response, including 
�	35==�12/�?94F�;694G3/�92�124�3F/9/9O�3�E	35==�13	
/�>1/�92�A��B��T�453=�25��2�/05�6�=5>5=@<�;16/�3G=16=F�
G2456�30692�3�0F;9O�3�3924�/�92@<�:1F��24�31/5�@5	
392416F��::G2945I3�523F<�392/6�?G/�27�/9�:965�
severe disease progression and a higher risk of com	
;=�31/�92@�A�<�"B����:�=16�65@G=/@�.565�65;96/54�?F�
U���925@�5/�1=����"�� <�.0565�453651@54�%$�)�.1@�
1@@93�1/54�.�/0�;56@�@/52/��2L1::1/�92��2�30�=4652�
.�/0�E5/61=97F�98�X1==9/�A
B�

Another important finding was the marked in	
3651@5��2�%$&�)�=F:;093F/5@��2�30�=4652�.�/0�
%J$@�39:;1654�/9�/05�%92/69=�769G;��%$&���X1@!
TYZ	� ��@�1�6535;/96�/01/�/6�7756@�/05�1;9;/9/�3�31@	
cade and serves as a key mediator of programmed cell 
451/0��[=5>1/54�%$&��5O;65@@�92�:1F�65L53/�39:	
pensatory mechanisms for removing damaged cells; 
09.5>56<�30692�3�@/�:G=1/�92�312�=514�/9�E	35==�45	
;=5/�92�A��B��E0�@��@�;16/�3G=16=F�65=5>12/��2�/05�392	
text of prolonged hypoxia typical of cyanotic CHDs. 
���S�G�5/�1=����"�" �1=@9�45:92@/61/54�/01/�0�70�
%$&��5O;65@@�92�39665=1/54�.�/0�/05�5O/52/�98�:F9	
cardial remodeling in neonates with transposition of 
/05�7651/�16/56�5@�A(B�

Special attention should be paid to the elevated 
E�X	��=5>5=@�9?@56>54��2�?9/0�%J$�769G;@��E�X	� 
�@�1�352/61=�:54�1/96�98��2L1::1/�92�124��@�3=9@5=F�
1@@93�1/54�.�/0�@F@/5:�3��2L1::1/96F�65@;92@5�124�
/05�;69765@@�92�98�0516/�81�=G65�A�B���2�9G6�@/G4F<�
E�X	��=5>5=@�.565�:965�/012�����/�:5@�0�7056�/012�

in controls (��"�""� <�392@�@/52/�.�/0�;65>�9G@�
@/G4�5@<��23=G4�27�/01/�98������270�5/�1=����"�& <�
which reported a direct link ?5/.552�E�X	� and 
�:;1�654� 3164�13� 392/613/�=�/F� A��B�� �23651@54�
�S	��=5>5=@��.0565�available) also pointed to chronic 
�2L1::1/96F�13/�>�/F��2�/05@5�;1/�52/@�A�B�

E05�39:?�21/�92�98��::G25�5O01G@/�92��%$�)�
453=�25 <�1;9;/9/�3�13/�>1/�92���23651@54�%$&�) <�
124��2L1::1/�92��5=5>1/54�E�X	��124��S	� �896:�
a pathophysiological phenotype characteristic of se	
vere CHDs. These alterations are especially pro	
nounced in cyanotic patients, highlighting the criti	
cal role of chronic hypoxia in triggering 
�2L1::1/96F�124�1;9;/9/�3�31@3145@�A�<��B��XG6	
/056:965<�/05�@/1/�@/�31==F�@�72�I312/�;9@�/�>5�396	
65=1/�92�?5/.552�%$&��124�E�X	��=5>5=@��6q"���&<�
��"�""� �@G;;96/@�/05�@F2306929G@�13/�>1/�92�98�
these pathways.

X69:�1�;613/�31=�@/124;9�2/<�/05��452/�I54�?�9	
markers may serve as both diagnostic and prognostic 
�24�31/96@��X96�5O1:;=5<�5=5>1/54�%$&��5O;65@@�92�
may indicate a higher risk of rapid myocardial ex	
01G@/�92<�.0�=5��23651@54�E�X	��124��S	��=5>5=@�
:1F�@�721=�1�@F@/5:�3��2L1::1/96F�@/1/5�65�G�6�27�
:965��2/52@�>5�12/�	�2L1::1/96F�/0561;F�A�B����:�	
=16=F<�654G354�%$�)�=5>5=@�:1F�65L53/��::G25��:	
balance and should be considered when planning 
immunostimulatory or immunomodulatory therapy, 
;16/�3G=16=F��2�/05�;9@/9;561/�>5�;56�94�A��B�

E0�@�@/G4F�1=@9�01@�@9:5�=�:�/1/�92@���;53�I31==F<�
�S	��41/1�.565�:�@@�27��2�1�;96/�92�98�/05�%92/69=�
group, limiting the completeness of comparisons. 
T44�/�921==F<�175	@/61/�I54�121=F@�@�.�/0�2�3=�2�31=�
769G;@�.1@�29/�;56896:54<�1=/09G70�175�:1F��2LG	
5235��::G25�;161:5/56@�A��B��XG/G65�@/G4�5@�@09G=4�
�23=G45�144�/�921=�657G=1/96F�3F/9R�25@��5�7�<��S	�"<�
EjX	�) and functional lymphocyte tests.

�5>56/05=5@@<�9G6�I24�27@�45:92@/61/5�3=516�4�8	
ferences between clinical groups and underscore the 
importance of integrating immune and apoptotic 
parameters into modern assessment models for chil	
dren with CHDs. This opens opportunities for more 
133G61/5�6�@R�@/61/�I31/�92<�;56@921=��54�/651/:52/�
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selection, and early prediction of complications such 
as pulmonary hypertension, hypoxemic encepha	
=9;1/0F<�124�@5392416F��::G2945I3�523F�A�<&<��B�
$����%
�
�
	�����#
�%����
	�$
��&
	�
'
�
The results of this study highlight the relevance 

of immunological and apoptotic markers as key com	
ponents in the pathogenesis of CHDs in children. 
Most notably, patients with cyanotic forms of CHD 
(especially those with prolonged hypoxia) demon	
strate profound disruptions in cellular immunity, 
1;9;/9@�@�13/�>1/�92<�124�;69	�2L1::1/96F�657G=1	
/�92��E0�@�65L53/@�/05�@F@/5:�3�21/G65�98�/05�4�@51@5�
and extends beyond the anatomical defect itself.

Hypoxia in cyanotic CHDs acts as a primary trig	
756�896��2L1::1/�92�124�1;9;/9/�3�;1/0.1F@���052�
9OF752�@1/G61/�92�469;@�?5=9.�&"~<�;694G3/�92�98�
;69	�28=1::1/96F�3F/9R�25@�@G30�1@�E�X	� and 
�S	���23651@5@<�.0�30��2�/G62�@/�:G=1/5@�/05�5O;65@	
@�92�98�1;9;/9@�@�6535;/96@��%$&� �92�=F:;093F/5@��
This cascade leads to cellular depletion, immune sys	
tem imbalance, and myocardial tissue remodeling. 
E05@5�9?@56>1/�92@�165�@G;;96/54�?F�:G=/�;=5�5O;5	
6�:52/1=�124�3=�2�31=�@/G4�5@�A�<�"<��B�

X69:�1�4�1729@/�3�;56@;53/�>5<�5=5>1/54�%$&�)�
lymphocytes in children with CHDs serve as a sen	
sitive marker of apoptotic activity. Their measure	
:52/�312�?5�G@54�896�516=F�45/53/�92�98�@F@/5:�3�65@	
ponses and emerging adaptive dysfunction, 
especially under subclinical hypoxia. Similarly, 
E�X	��124��S	��:1F�@56>5�1@�?�9:16R56@�98��2L1:	
matory overload, particularly in patients with 
marked left ventricular hypertrophy or pulmonary 
0F;56/52@�92�A
<��B�

Incorporating immune and apoptotic markers into 
3=�2�31=	=1?961/96F�@/61/�I31/�92�:945=@�1==9.@�896�
more accurate prognostication and individualized 
treatment approaches. Patients exhibiting strong 
cytokine activity and apoptosis may require close 
:92�/96�27<�3164�13�8G23/�92�1@@5@@:52/<�12/�	�2	
L1::1/96F�/0561;F��5�7�<�E�X��20�?�/96@<�396/�39	
steroids), and potentially immune support during 
/05�;9@/9;561/�>5�;01@5�A�<(<�
B�

T2�144�/�921=�/0561;5G/�3�;69@;53/��@�1�;56@921	
lized intervention aimed at suppressing apoptosis at 
early stages. Experimental data suggest that Fas re	
ceptor antagonists or caspase inhibitors may reduce 
cellular exhaustion under chronic hypoxia, opening 
1>52G5@�896��::G29	�124�3F/9R�25	?1@54�/0561;�5@�
�2�;54�1/6�3�%J$�;1/�52/@�A�B��Q9659>56<�1=/561/�92@�
�2�/05�%$�!%$(�61/�9�:1F�@56>5�1@�1�7G�45�896��:	
munomodulatory interventions.

��/0�/05�769.�27�1>1�=1?�=�/F�98�L9.�3F/9:5/6F�
and serological diagnostics, the integration of these 
biomarkers into clinical practice is becoming in	
creasingly feasible. This is particularly critical in 
early childhood, where CHD pathogenesis may still 
be reversible, and timely intervention can improve 
prognosis and reduce postoperative complications.

�2�3923=G@�92<��::G25<�1;9;/9/�3<�124��2L1::1/96F�
:16R56@��2�30�=4652�.�/0�%J$�29/�92=F�65L53/�G2456	
lying pathophysiological processes but also serve as 
/99=@�896�3=�2�31=�@/61/�I31/�92�124�/1675/54�/0561;F��
E05�6�?691456�1;;=�31/�92�:1F�@�72�I312/=F��:;69>5�
4�1729@/�3�133G613F<�/651/:52/�/�:�27<�124�/05�;56@9	
nalization of medical care in pediatric cardiology.

(��	���
���
E0�@�@/G4F��452/�I54�@�72�I312/�4�K565235@��2�/05�

immunological and apoptotic profiles of children 
with congenital heart defects (CHDs) compared to 
the Control group. These alterations were particu	
larly pronounced in patients with cyanotic forms of 
CHDs, highlighting the substantial impact of chron	
ic hypoxia on systemic immune regulation and cel	
lular homeostasis.

First, children with CHD exhibited a reduction in 
%$�)�E	05=;56�35==�=5>5=@<�5@;53�1==F�1:927�3F129	
tic patients, indicating suppression of the adaptive 
immune system. This condition may increase suscep	
tibility to infections, hinder postoperative recovery, 
and contribute to general immune exhaustion.

�53924<�/05�9?@56>54��23651@5��2�%$&�)�=F:;09	
3F/5@�392I6:@�/05�13/�>1/�92�98�1;9;/9@�@��%$&���X1@�
receptor) initiates the programmed cell death cas	
3145<�124��/@�5O;65@@�92�.1@�@�72�I312/=F�5=5>1/54��2�
30�=4652�.�/0�%J$@��E0�@�@G775@/@�12�1;9;/9/�3�65@	
;92@5�46�>52�?F�@F@/5:�3��2L1::1/�92�124�30692�3�
hypoxia, which in turn may promote myocardial tis	
sue remodeling and worsen clinical outcomes.

E0�64<�;69	�2L1::1/96F�3F/9R�25�=5>5=@<�;16/�3G	
=16=F�E�X	�<�.565�89G24�/9�?5��^��/�:5@�0�7056��2�
CHD patients than in the control group. This re	
L53/@�;56@�@/52/��2L1::1/�92�124�@G;;96/@�/05�69=5�
of cytokine imbalance in the pathogenesis of cardio	
vascular complications in CHD.

X9G6/0<�@�72�I312/�39665=1/�92@�.565��452/�I54�?5/	
.552�E�X	��124�%$&��=5>5=@<��24�31/�27�1�3=9@5�=�2R�
between inflammation and apoptosis. This under	
scores the importance of a comprehensive approach 
to biomarker assessment when stratifying patient risk.

Finally, the findings support the inclusion of 
%$�)<�%$&�)<�124�E�X	� measurements in the 
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standard laboratory evaluation algorithm for chil	
dren with CHDs. These markers have not only diag	
nostic but also prognostic value, enabling more ac	
curate assessment of disease severity and 
optimization of treatment strategies.

In summary, this study emphasizes the critical role 
of immune and apoptotic mechanisms in the patho	
7525@�@�98�%J$@�124�_G@/�I5@�/05�2554�896�/05�6�69G	
tine evaluation in pediatric clinical practice.
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