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 ('%#")��+)(#&#�
 (#&!)*($),
6:8�"�2 !�#
68>�&,+/-,*.

"/6,4(' 40�
1$24,&,1$4(
69=�"�2 !�#
68=�&,+/-,*.

�&&(14('
,/6,4$4,0/
;8�"�2 !�#
;9�&,+/-,*.

#0/:(-,*,%-(
6�&,+/-,* '($'
7�"�2 !�#�'($'

8�"�2 !�#�.(0(-(�').$%)*)/1

!7&-5'(' )20.�(/'04+(-,$- 4(34
68�"�2 !�#
6:�&,+/-,*.

11�)*-�$�,-')%
1� +#�,- $##"')%
1�(#),-+.�-')%

0�!&#/')% -* �!!*
0�(#"'!�-'*)

�33(33.(/4 0)
(/'04+(-,$- )5/&4,0/

:5�"�2 !�#
9>�&,+/-,*.

�33(33.(/4 0)
.80&$2',$- )5/&4,0/

;8�"�2 !�#
;9�&,+/-,*.

 (&-,/('9#0/:2($&+$%-(
=:�"�2 !�#
<9�&,+/-,*.
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m[h[�f[h\ehc[Z�_d�W�gk_[j%�j[cf[hWjkh[&Yedjhebb[Z�heec�W\j[h�Wj�b[Wij�*)�c_dkj[i�e\�
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#m_j^�Wb\W�)').�WdZ�fem[h�#*&�X[jW$�)'1$�\eh�Z[j[Yj_d]�W�,,!�#[gk_lWb[dj�je�)'0.�K<$�

Z_\\[h[dY[�_d�>E<�#(*%�W�*)!�#[gk_lWb[dj�je�)'0.�K<$�Z_\\[h[dY[�_d�DN&?DK�#'+%�WdZ�W�

*)!�#[gk_lWb[dj�je�)'0.�K<$�Z_\\[h[dY[�_d�?;O�#(+�X[jm[[d�]hekfi%�][d[hWj[Z�W�

iWcfb[�i_p[�e\�+2%�,+%�WdZ�+2�fWhj_Y_fWdji%�h[if[Yj_l[bo%�ik]][ij_d]�WZ[gkWj[�fem[h�

\eh�YecfWh_d]�j^[�fh[j[hc�Xehd�fWhj_Y_fWdji�je�j^[�Yedjhebi'�@em[l[h%�j^[�ijWj_ij_YWb�

fem[h�je�Z[j[Yj�icWbb[h�Z_\\[h[dY[i�X[jm[[d�ikX]hekfi�mWi�fheXWXbo�jee�bem'��
�
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HWf[h�AAA�

<kh_d]�fbWdd_d]�e\�j^[�H9;;K�ijkZo%�iWcfb[�i_p[�YWbYkbWj_edi�m[h[�XWi[Z�ed�Wd�

[nf[Yj[Z�*)!�Z_\\[h[dY[�_d�f[Wa�NG$�X[jm[[d�;;Ki�WdZ�Yedjhebi�#&#'�O_j^�W�

ijWj_ij_YWb�fem[h�e\�1)!�W�iWcfb[�i_p[�e\�c_d_ckc�+,�;;Ki�mWi�[ij_cWj[Z�je�Z[j[Yj�

ikY^�W�Z_\\[h[dY['�Le�\WY_b_jWj[�ikX]hekf�WdWboi[i%�*.)�;;Ki�m[h[�_dYbkZ[Z�_d�j^[�

ijkZo'�Heij�^eY�fem[h�WdWboi_i�#m_j^�Wb\W�)').�WdZ�fem[h�#*&�X[jW$�)'1$�\eh�Z[j[Yj_d]�W�

*)!�#[gk_lWb[dj�je�)'0.�K<$�Z_\\[h[dY[�_d�DN&?DK�#"'��#)"��#)#�X[jm[[d�]hekfi�

][d[hWj[Z�W�iWcfb[�i_p[�e\�+2�ik]][ij_d]�WZ[gkWj[�fem[h�\eh�YecfWh_d]�j^[�;;Ki�

fWhj_Y_fWdji�je�Yedjhebi'�@em[l[h%�j^[�ijWj_ij_YWb�fem[h�je�Z[j[Yj�icWbb[h�Z_\\[h[dY[i�

X[jm[[d�ikX]hekfi�mWi�fheXWXbo�_dik\\_Y_[dj'���

�
$%!*�1HRBTRRHNM�NE�L@HM�QDRTKSR�
$%!*!$�2MCNSGDKH@K�ETMBSHNM�HM�XNTMF�@CTKSR�ANQM�UDQX�OQDSDQL�NQ�VHSG�DWSQDLDKX�

KNV�AHQSGVDHFGS��
O[�\ekdZ�h[ZkY[Z�>E<�WdZ�[dZej^[b_Wb&Z[f[dZ[dj�Z_bWjWj_ed�YWfWY_jo�e\�j^[�XhWY^_Wb�

Whj[ho�_d�.)�oekd]�WZkbji�m_j^�c[Wd�W][�+1�#K<�/$�o[Whi�Xehd�fh[j[hc�Wj�c[Wd�?9�+0�

#K<�+$�m[[ai�WdZ�m_j^�c[Wd�X_hj^m[_]^j�2/*�#K<�++.$�]�YecfWh[Z�je�j[hc&Xehd�

Yedjhebi�m_j^�i_c_bWh�YWhZ_elWiYkbWh�h_ia�fhe\_b['�Dem[h�X_hj^m[_]^j�WdZ�?9�m[h[�

WiieY_Wj[Z�m_j^�ceh[�h[ZkY[Z�[dZej^[b_Wb�\kdYj_ed'��

�
K_dY[�h[ZkY[Z�>E<�_dZ_YWj[i�[dZej^[b_Wb�Zoi\kdYj_ed%�m^_Y^�Yedij_jkj[i�Wd�[Whbo�ij[f�

_d�j^[�Z[l[befc[dj�e\�Wj^[heiYb[hej_Y�YWhZ_elWiYkbWh�Z_i[Wi[%�ekh�\_dZ_d]�WZZi�je�j^[�

_dYh[Wi_d]�[l_Z[dY[�e\�Wd�WiieY_Wj_ed�X[jm[[d�fh[j[hc�X_hj^�WdZ�[b[lWj[Z�\kjkh[�

YWhZ_elWiYkbWh�h_ia'�Gdbo�W�\[m�ijkZ_[i�^Wl[�_dl[ij_]Wj[Z�[dZej^[b_Wb�\kdYj_ed�_d�

ijkZo�fefkbWj_edi�i_c_bWh�je�ekhi'�:WiiWh[e�[j�Wb'#%%�\ekdZ�h[ZkY[Z�c_YhelWiYkbWh�

[dZej^[b_Wb�\kdYj_ed�c[Wikh[Z�Xo�\_d][h�fb[j^oice]hWf^o�_d�oekd]�WZkbji�m_j^�c[Wd�

?9�+0'1�m[[ai�#K<�+'+$�WdZ�c[Wd�X_hj^m[_]^j�1,1�]�#K<�**/$%�m^_b[�>bW^Wkbj�[j�Wb'�
#%$�h[fehj[Z�dehcWb�[dZej^[b_Wb�\kdYj_ed�c[Wikh[Z�Xo�>E<�e\�j^[�XhWY^_Wb�Whj[ho�_d�

oekd]�WZkbji�m_j^�c[Wd�?9�+0'+�m[[ai�#K<�*'-$�WdZ�c[Wd�X_hj^m[_]^j�2/,�]�#K<�

++.$'�Lme�ej^[h�ijkZ_[i�Xo�K^_d]Wb��[j�Wb'�#%"�WdZ�@el_�[j�Wb'�#%#�Wbie�h[fehj[Z�dehcWb�

[dZej^[b_Wb�\kdYj_ed�c[Wikh[Z�Xo�>E<�_d�WZeb[iY[dji�WdZ�oekd]�WZkbji%�Xkj�j^[i[�

ijkZo�fWhj_Y_fWdji�m[h[�Xehd�m_j^�^_]^[h�?9�#c[Wd�?9�,*�WdZ�,)�m[[ai%�
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h[if[Yj_l[bo$�WdZ�m_j^�^_]^[h�X_hj^m[_]^j�#Xej^�c[Wd�*-))�]$�YecfWh[Z�je�ekh�ijkZo�

fefkbWj_ed%�m^_Y^�YekbZ�[nfbW_d�j^[�Z_\\[h[dY[�_d�h[ikbji�i_dY[�X_hj^m[_]^j�WdZ�?9�

^Wl[�X[[d�_dl[hi[bo�h[bWj[Z�je�_dYh[Wi[Z�YWhZ_elWiYkbWh�h_ia� ��! �

J[ZkY[Z�>E<�h[\b[Yji�[dZej^[b_Wb�Zoi\kdYj_ed%�WdZ�h[ZkY[Z�FA<�c_]^j�h[\b[Yj�

lWiYkbWh�iceej^�ckiYb[�Y[bb�Zoi\kdYj_ed�WdZ�lWiYkbWh�ijhkYjkh[�Wbj[hdWj_edi�Zk[�je�

[ijWXb_i^[Z�Wj^[heiYb[hei_i�+' +)'�:ej^�mekbZ�h[ikbj�_d�h[ZkY[Z�WX_b_jo�e\�lWiYkbWh�

Z_bWjWj_ed'�9bj^ek]^�j^[�_dj[hh[bWj_edi^_f�X[jm[[d�>E<�WdZ�FA<�_i�Z[XWj[Z�+'��+* #""��W�

bem�>E<(FA<�hWj_e�YekbZ�_dZ_YWj[�YWhZ_elWiYkbWh�h_ia�\WYjehi�_cfW_h_d]�j^[�

[dZej^[b_Wb�\kdYj_ed%�Xkj�de�[ijWXb_i^[Z�lWiYkbWh�Z_i[Wi[%�m^_b[�ikX`[Yji�m_j^�

[ijWXb_i^[Z�lWiYkbWh�Z_i[Wi[�WdZ�lWiYkbWh�iceej^�Y[bb�Zoi\kdYj_ed�c_]^j�^Wl[�dehcWb�

eh�[l[d�^_]^�>E<(FA<�hWj_e�Z[if_j[�[dZej^[b_Wb�Zoi\kdYj_ed'�<[iYh_X_d]�[dZej^[b_Wb�

\kdYj_ed�Wi�[dZej^[b_Wb&Z[f[dZ[dj�YWfWY_jo�_i�fheXWXbo�ceij�lWbkWXb[�m^[d�FA<�_i�

dehcWb�WdZ�YWd�X[�[ij_cWj[Z�Wi�cWn_cWb�Z_bWjWj_ed'�K_dY[�ekh�ijkZo�fefkbWj_ed�mWi�

oekd]�m_j^�c[Wd�W][�+1�o[Whi%�WdZ�ded[�^WZ�ckbj_fb[�YWhZ_elWiYkbWh�h_ia�\WYjehi�eh�

[ijWXb_i^[Z�Wj^[heiYb[hej_Y�Z_i[Wi[%�m[�[nf[Yj[Z�je�\_dZ�dehcWb�FA<�_d�ceij�

fWhj_Y_fWdji%�m^_Y^�mWi�Yed\_hc[Z'�Gdbo�1!�_d�j^[�H:(=D:O�]hekf�WdZ�*-!�_d�j^[�

Yedjheb�]hekf�^WZ�FA<�5*.'/!�m^_Y^�^Wi�X[[d�ik]][ij[Z�Wi�Wd�W][&_dZ[f[dZ[dj�Ykj&

e\\�lWbk[�#(*'�L^[�fWhj_Y_fWdji�m_j^�FA<�5*.'/!�m[h[�ded&icea[hi�WdZ�Wbb�^WZ�

dehcWb�lWbk[i�\eh�@X9*Y�WdZ�h[ij_d]�XbeeZ�fh[iikh['�Gdbo�ed[�H:(=D:O�WdZ�j^h[[�

Yedjhebi�m[h[�el[hm[_]^j�m_j^�:EA�7+.�a](c$'�:Wi[Z�ed�j^_i%�ekh�\_dZ_d]i�e\�

Z[Yh[Wi[Z�>E<�WdZ�[dZej^[b_Wb&Z[f[dZ[dj�Z_bWjWj_ed�YWfWY_jo�_d�j^[�H:(=D:O�

YecfWh[Z�je�Yedjhebi�YekbZ�_dZ_YWj[�_cfW_h[Z�[dZej^[b_Wb�\kdYj_ed%�Xkj�fheXWXbo�

fh[i[hl[Z�lWiYkbWh�iceej^�Y[bb�\kdYj_ed'�L^ki%�WZlWdY[Z�ijW][i�_d�j^[�Wj^[heiYb[hej_Y�

fheY[ii�m[h[�b_a[bo�dej�h[WY^[Z'�

�

;WhZ_elWiYkbWh�h_ia�\WYjehi�ikY^�Wi�jeXWYYe�ki[%�^of[hj[di_ed%�eX[i_jo%�

^of[hb_f_ZW[c_W%�_dikb_d�h[i_ijWdY[%�f^oi_YWb�_dWYj_l_jo%�WdZ�_dYh[Wi_d]�W][�Wh[�

WiieY_Wj[Z�m_j^�[dZej^[b_Wb�Zoi\kdYj_ed�)+��*('�K_dY[�j^[�H:(=D:O�WdZ�Yedjheb�]hekf�

^WZ�bem�WdZ�i_c_bWh�YWhZ_elWiYkbWh�h_ia�fhe\_b[�#W][%�icea_d]%�:EA%�XbeeZ�fh[iikh[%�

Z_WX[j[i�c[bb_jki$%�[njh[c[bo�bem�X_hj^m[_]^j�WdZ�l[ho�fh[j[hc�X_hj^�c_]^j�h[fh[i[dj�

Wd�_dZ_l_ZkWb�h_ia�\WYjehi�\eh�[dZej^[b_Wb�Zoi\kdYj_ed'�L^_i�\_dZ_d]�fhel_Z[i�lWbkWXb[�
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_d\ehcWj_ed�ed�j^[�_d\bk[dY[�e\�?9�WdZ�X_hj^m[_]^j�ed�lWiYkbWh�\kdYj_ed�_d�oekd]�

WZkbj^eeZ%�WdZ�\khj^[h%�j^[�b_\[j_c[�h_ia�e\�Wj^[heiYb[hej_Y�Z_i[Wi['�

�

K_c_bWh�je�fh_eh�ijkZ_[i�'��(�m[�\ekdZ�Wd�_dl[hi[�WiieY_Wj_ed�X[jm[[d�X_hj^m[_]^j�WdZ�

?9�WdZ�YWhZ_elWiYkbWh�h_ia%�Wi�bem[h�[dZej^[b_Wb�\kdYj_ed�mWi�WiieY_Wj[Z�m_j^�bem[h�

X_hj^m[_]^j�WdZ�?9'�L^[�bem[h�c[Wd�X_hj^m[_]^j�_d�j^[�oekd][ij�H:(=D:O�Ye^ehj�

YecfWh[Z�je�j^[�ebZ[ij�Ye^ehj�#11.�]�l[hiki�*)++�]$�YekbZ�^Wl[�b[Z�je�j^[�\_dZ_d]�e\�

bem[h�c[Wd�>E<�_d�j^[�oekd][ij�Ye^ehj'�@em[l[h%�m[�m[h[�dej�WXb[�je�i^em�W�

i_]d_\_YWdj�Z_\\[h[dY[�_d�[dZej^[b_Wb�\kdYj_ed�X[jm[[d�j^[�H:(=D:O�Ye^ehji'�L^_i�

mWi�fheXWXbo�Zk[�je�jee�icWbb�ijkZo�iWcfb[i�m_j^_d�j^[�Ye^ehji�e\�j^[�H:(=D:Oi�je�

h[l[Wb�c_deh�]hekf�Z_\\[h[dY[i'�@em[l[h%�j^[�feii_Xb[�_cfhel[c[dj�_d�d[edWjWb�

_dj[di_l[�YWh[�jh[Wjc[dj�WdZ�j^[�oekd][h�W][�Wj�j^[�j_c[�e\�Wii[iic[dj�YekbZ�^Wl[�

\WlekhWXb[�_d\bk[dY[�ed�>E<�_d�j^[�oekd][h�Ye^ehj�WdZ�[nfbW_d�j^[�h[ikbj'��

�
$%!*!%�8XNB@QCH@K�ETMBSHNM�HM�XNTMF�@CTKSR�ANQM�UDQX�OQDSDQL�NQ�VHSG�DWSQDLDKX�

KNV�AHQSGVDHFGS��
/,�oekd]�WZkbji�Xehd�fh[j[hc�Wj�c[Wd�?9�+0�m[[ai�#K<�+$�WdZ�m_j^�c[Wd�

X_hj^m[_]^j�2-.�]�#K<�+*0$�m[h[�YecfWh[Z�je�j[hc&Xehd�W][&�WdZ�i[n�cWjY^[Z�

Yedjhebi�m_j^�i_c_bWh�YWhZ_elWiYkbWh�h_ia�fhe\_b['�L^[�H:(=D:O�^WZ�h[ZkY[Z�DN&

?DK�YecfWh[Z�je�j[hc&Xehd�Yedjhebi%�WdZ�bem[h�X_hj^m[_]^j�mWi�WiieY_Wj[Z�m_j^�

ceh[�h[ZkY[Z�DN&?DK'�=ij_cWj[i�e\�EO�WdZ�Z_Wijeb_Y�\kdYj_ed%�_dYbkZ_d]�c[Wikh[i�

e\�D9�bed]_jkZ_dWb�ijhW_d%�m[h[�i_c_bWh�_d�H:(=D:O�YecfWh[Z�je�Yedjhebi%�WdZ�

_dYh[Wi_d]�Y^hedebe]_YWb�W][�mWi�WiieY_Wj[Z�m_j^�Z[Yh[Wi_d]�Z_Wijeb_Y�\kdYj_ed'�

�

Ad�W]h[[c[dj�m_j^�ekh�\_dZ_d]i%�\ehc[h�ijkZ_[i�e\�coeYWhZ_Wb�\kdYj_ed�e\�oekd]�

WZkbji�Xehd�fh[j[hc�eh�m_j^�bem�X_hj^m[_]^j�^Wl[�cW_dbo�h[fehj[Z�fh[i[hl[Z�=>%�Xkj�

h[ZkY[Z�DN�ioijeb_Y�\kdYj_ed�c[Wikh[Z�Xo�ijhW_d�#%& #%('�L^_i�Yehh[ifedZi�m[bb�m_j^�

j^[�Z[iYh_X[Z�ikf[h_eh_jo�e\�ijhW_d�YecfWh[Z�je�=>�_d�ehZ[h�je�h[l[Wb�[Whbo�ijW][i�e\�

DN�_cfW_hc[dj'�Gkh�\_dZ_d]�e\�h[ZkY[Z�DN&?DK�_d�j^[�H:(=D:O�]hekf�YecfWh[Z�

je�Yedjhebi�_i�ik]][ij_l[�e\�_dYh[Wi[Z�h_ia�e\�Z[l[bef_d]�^[Whj�\W_bkh[�_d�j^[�fh[j[hc�

Xehd�fWhj_Y_fWdji'�9ZZ_j_edWbbo%�bem[h�X_hj^m[_]^j�mWi�WiieY_Wj[Z�m_j^�bem[h�DN&
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?DK%�ik]][ij_l[�e\�feeh[h�fhe]dei_i�m_j^�bem[h�X_hj^m[_]^j'�L^_i�_i�_d�W]h[[c[dj�

m_j^�\ehc[h�[f_Z[c_ebe]_YWb�ijkZ_[i�m^_Y^�^Wl[�h[fehj[Z�_dYh[Wi[Z�h_ia�e\�^[Whj�

\W_bkh[�_d�_dZ_l_ZkWbi�Xehd�fh[j[hc�eh�m_j^�bem�X_hj^m[_]^j�$%��$(%�WdZ�Wd�_dl[hi[�

WiieY_Wj_ed�X[jm[[d�?9�WdZ�X_hj^m[_]^j�WdZ�j^[�h_ia�e\�YWhZ_elWiYkbWh�Z_i[Wi[�'��('�

@em[l[h%�h[ikbji�\hec�\ehc[h�Yb_d_YWb�ijkZ_[i�^Wl[�dej�X[[d�Yedi_ij[dj%�WdZ�

[Y^eYWhZ_e]hWf^_Y�c[Wikh[Z�DN�ijhW_d�_d�fh[j[hc�Xehd�oekd]�WZkbji�gk_j[�i_c_bWh�je�

ekh�ijkZo�fWhj_Y_fWdji�^Wi�Wbie�X[[d�h[fehj[Z�dehcWb�#)$'�

�

=l[d�j^ek]^�\ehc[h�ijkZ_[i�^Wl[�h[fehj[Z�h[ZkY[Z�Z_Wijeb_Y�\kdYj_ed�_d�fh[j[hc�Xehd�

oekd]�WZkbji�#%)%�m[�\ekdZ�dehcWb�WdZ�i_c_bWh�Z_Wijeb_Y�\kdYj_ed�_d�ekh�fh[j[hc�Xehd�

ijkZo�fWhj_Y_fWdji�YecfWh[Z�je�j^[�Yedjhebi'�L^_i�mWi�ikffehj[Z�Xo�j^[�\_dZ_d]�e\�

dehcWb�c[Wikh[i�e\�D9�h[i[hle_h�ijhW_d�m^_Y^�^Wl[�X[[d�h[fehj[Z�je�Z[j[Yj�_dYh[Wi[Z�

DN�\_bb_d]�fh[iikh[�Wj�Wd�[Whb_[h�fe_dj�j^Wd�ceh[�Yedl[dj_edWb�[Y^eYWhZ_e]hWf^_Y�

Z_Wijeb_Y�fWhWc[j[hi�b_a[�D9�lebkc[i�WdZ�c_jhWb�_d\bem�WdZ�WddkbWh�j_iik[�l[beY_j_[i�
#$$��#$%'�9]_d]�_i�WiieY_Wj[Z�m_j^�h[ZkY[Z�DN�h[bWnWj_ed%�m^_Y^�cWo�b[WZ�je�Z_Wijeb_Y�

Zoi\kdYj_ed�#&''�L^_i�Wbie�Wffb_[i�\eh�oekd]�WZkbj�fefkbWj_edi�#)%'�L^_i�Yehh[ifedZi�

m[bb�m_j^�ekh�\_dZ_d]�e\�Wd�WiieY_Wj_ed�X[jm[[d�_dYh[Wi[Z�Y^hedebe]_YWb�W][�WdZ�

bem[h�Z_Wijeb_Y�\kdYj_ed'�

;WhZ_WY�h[ceZ[bb_d]�WdZ�coeYWhZ_Wb�\_Xhei_i%�m_j^�Yedi[gk[djbo�cehf^ebe]_YWb�DN�

Wbj[hWj_edi%�Wh[�\ekdZ�_d�ceij�ijkZ_[i�_dl[ij_]Wj_d]�fh[j[hc�Xehd�WZkbji�#%( �<_l[h]_d]�

h[ikbji�h[]WhZ_d]�ioijeb_Y�WdZ�Z_Wijeb_Y�coeYWhZ_Wb�\kdYj_ed�X[jm[[d�ijkZ_[i�cWo�

h[\b[Yj�j^[�Yecfb[n�_dj[hfbWo�e\�Wbj[h[Z�YWhZ_WY�ijhkYjkh[�WdZ�beWZ_d]�YedZ_j_edi�ed�

c[Wikh[i�e\�ioijeb_Y�WdZ�Z_Wijeb_Y�\kdYj_ed�_d�[Whbo�ijW][i�e\�coeYWhZ_Wb�Zoi\kdYj_ed�

_d�oekd]�ijkZo�fefkbWj_edi'���

�

=>�WdZ�DN�bed]_jkZ_dWb�ijhW_d�Wh[�W\j[hbeWZ�Z[f[dZ[dj�c[Wikh[i�e\�coeYWhZ_Wb�

\kdYj_ed%�m_j^�Z[Yh[Wi_d]�=>�WdZ�bed]_jkZ_dWb�ijhW_d�m_j^�^_]^[h�XbeeZ�fh[iikh[�#'*'�
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WZ`kij[Z�_d\ehcWj_ed�ed�X[d[\_Y_Wb�b_\[ijob[�Wbh[WZo�\hec�fh[iY^eeb�W][%�_dYbkZ_d]�

Z_[jWho�WZl_Y[�WdZ�[dYekhW][c[dj�je�cW_djW_d�WZ[gkWj[�b[l[b�e\�f^oi_YWb�WYj_l_jo'�

9ZZ_j_edWbbo%�h[]kbWhbo�\ebbem&kf�_d�j^[�fh_cWho�^[Wbj^YWh[�i[hl_Y[�je�Z[j[Yj�edi[j�e\�

jh[WjWXb[�YedZ_j_edi�ikY^�Wi�^of[hj[di_ed�WdZ�Zoib_f_ZW[c_W�YekbZ�X[�h[Yecc[dZ[Z�

\hec�WZeb[iY[dj�W][%�WdZ�h[]kbWhbo�\ebbem&kf�Xo�YWhZ_ebe]_ij�\hec�oekd]�WZkbj�W]['���������������������
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O[�\ekdZ�h[ZkY[Z�DN�ioijeb_Y�coeYWhZ_Wb�\kdYj_ed�_d�fW[Z_Wjh_Y�;;Ki�YecfWh[Z�je�

^[Wbj^o�Yedjhebi%�_dZ_YWj_d]�W�Z[j[YjWXb[�_dYh[Wi[Z�h_ia�e\�Z[l[bef_d]�^[Whj�\W_bkh[�_d�

;;Ki�Wbh[WZo�_d�Y^_bZ^eeZ'�L^[�DN�coeYWhZ_Wb�\kdYj_ed�mWi�\ekdZ�h[ZkY[Z�Wbie�_d�

;;Ki�jh[Wj[Z�m_j^�bem�Zei[i�e\�Wdj^hWYoYb_d[i�WdZ�_dYh[Wi_d]�j_c[�W\j[h�jh[Wjc[dj�

mWi�WiieY_Wj[Z�m_j^�bem[h�coeYWhZ_Wb�\kdYj_ed'�L^[�fh[i[dj�\ebbem&kf�]k_Z[b_d[i�ed�

YWhZ_e&edYebe]o�)&�Wh[�XWi[Z�ed�YWhZ_elWiYkbWh�h_ia�ijhWj_\_YWj_edi�e\�j^[�fWj_[dji�W\j[h�

\_d_i^[Z�jh[Wjc[dj'�L^[i[�]k_Z[b_d[i�h[Yecc[dZ�je�Yedi_Z[h�[Y^eYWhZ_e]hWf^_Y�

[nWc_dWj_ed�[l[ho�+�o[Whi�_d�^_]^�h_ia�;;Ki�WdZ�[l[ho�.�o[Whi�_d�ceZ[hWj[�h_ia�

;;Ki%�m^_b[�de�[Y^eYWhZ_e]hWf^_Y�\ebbem&kf�_i�h[Yecc[dZ[Z�_d�;;Ki�jh[Wj[Z�m_j^�

Wdj^hWYoYb_d[�Zei[i�5*))�c](c$�)&'�

Gkh�\_dZ_d]i�_cfbo�j^Wj�bed]&j[hc�\ebbem&kf%�_dYbkZ_d]�ced_jeh_d]�e\�coeYWhZ_Wb�

\kdYj_ed�Xo�[Y^eYWhZ_e]hWf^_Y�[nWc_dWj_ed�WdZ�f[h^Wfi�Wbie�Xo�[n[hY_i[�j[ij%�c_]^j�
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X[�_dZ_YWj[Z�\eh�Wbb�;;Ki%�h[]WhZb[ii�e\�YkckbWj_l[�Wdj^hWYoYb_d[�jh[Wjc[dj�Zei['�

=ZkYWj_ed�e\�WZeb[iY[dj�WdZ�WZkbj�;;Ki�WdZ�j^[_h�^[Wbj^�YWh[�fhel_Z[hi�je�[dikh[�

Wjj[dj_ed�je�j^[�_dYh[Wi[Z�YWhZ_elWiYkbWh�h_ia%�WdZ�h[]kbWhbo�iYh[[d_d]�\eh�ceZ_\_WXb[�

YWhZ_elWiYkbWh�h_ia�\WYjehi%�Wh[�Wbh[WZo�_cfb[c[dj[Z�_d�j^[�YWhZ_e&edYebe]o�\ebbem&kf�

h[Yecc[dZWj_edi'�J[]kbWh�f^oi_YWb�WYj_l_jo%�_dYbkZ_d]�^_]^�_dj[di_jo�[n[hY_i[%�_i�

h[Yecc[dZ[Z�_d�;;Ki�m_j^�dehcWb�DN�\kdYj_ed�eh�m_j^�WiocfjecWj_Y�coeYWhZ_Wb�

Zoi\kdYj_ed�)%'�9bj^ek]^�dej�ckY^�ijkZ_[Z�_d�;;Ki%�[n[hY_i[�_i�ik]][ij[Z�je�fh[l[dj�

Z[l[befc[dj�e\�YWdY[h�jh[Wjc[dj&h[bWj[Z�coeYWhZ_Wb�Zoi\kdYj_ed�_d�fW[Z_Wjh_Y�WdZ�

WZeb[iY[dj�YWdY[h�ikhl_lehi�)"%�j^ki%�f^oi_YWb�WYj_l_jo�c_]^j�X[�[if[Y_Wbbo�_cfehjWdj�_d�

;;K�m_j^ekj�Yb_d_YWb�i_]di�e\�^[Whj�\W_bkh[�WdZ�i^ekbZ�j^[h[\eh[�X[�[dYekhW][Z'�

L^[�cWdo�ikhl_lehi�e\�Y^_bZ^eeZ�YWdY[h�^Wl[�Wd�_dYh[Wi[Z�b_\[j_c[�h_ia�e\�Z[l[bef_d]�

YWhZ_ejen_Y�jh[Wjc[dj&_dZkY[Z�coeYWhZ_Wb�Zoi\kdYj_ed'�Aj�_i�e\�fkXb_Y�^[Wbj^�_dj[h[ij�

je�][d[hWj[�fh[l[dj_ed�ijhWj[]_[i�je�h[ZkY[�YWhZ_elWiYkbWh�cehX_Z_jo�_d�j^_i�]hekf�

Wbh[WZo�\hec�oekd]�W]['�9dZ�Wbie�\eh�j^_i�]hekf%�b_\[ijob[�WZl_Y[�i^ekbZ�X[�

_djheZkY[Z�Wbh[WZo�_d�fh[iY^eeb�W][�je�[dYekhW][�b_\[bed]�X[d[\_Y_Wb�b_\[ijob[�^WX_ji'�
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L^[�el[hWbb�YedYbki_ed�e\�j^[�ijkZ_[i�fh[i[dj[Z�_d�j^_i�j^[i_i�mWi�j^Wj�Fehm[]_Wd�

oekd]�WZkbji�Xehd�l[ho�fh[j[hc�eh�m_j^�[njh[c[bo�bem�X_hj^m[_]^j�WdZ�fW[Z_Wjh_Y�

Y^_bZ^eeZ�YWdY[h�ikhl_lehi�^WZ�_dYh[Wi[Z�h_ia�e\�YWhZ_elWiYkbWh�Z_i[Wi[�YecfWh[Z�je�

i[n&�WdZ�W][�cWjY^[Z�Yedjhebi'�L^[�ijkZo�YedYbki_edi�YWd�X[�ikccWh_i[Z�Wi�\ebbemi�

Xo�Wdim[h_d]�j^[�h[i[WhY^�gk[ij_edi3��

9dim[h�je�h[i[WhY^�gk[ij_ed�A3�Qekd]�WZkbji�Xehd�l[ho�fh[j[hc�eh�m_j^�[njh[c[bo�bem�

X_hj^m[_]^j�Xehd�_d�FehmWo�_d�j^[�f[h_eZ�\hec�*21)�je�+)))�^WZ�h[ZkY[Z�\bem&

c[Z_Wj[Z�[dZej^[b_Wb&Z[f[dZ[dj�Z_bWjWj_ed�WdZ�[dZej^[b_Wb&Z[f[dZ[dj�Z_bWjWj_ed�

YWfWY_jo�e\�j^[�XhWY^_Wb�Whj[ho�YecfWh[Z�je�Yedjhebi%�ik]][ij_l[�e\�h[ZkY[Z�

[dZej^[b_Wb�\kdYj_ed�m^_Y^�_i�[ijWXb_i^[Z�Wi�Wd�[Whbo�cWha[h�e\�Wj^[heiYb[hej_Y�

lWiYkbWh�Z_i[Wi['�F_jhe]boY[h_d[&_dZkY[Z�Z_bWjWj_ed�mWi�fh[i[hl[Z%�_dZ_YWj_d]�j^Wj�

[Whbo�Xkj�dej�WZlWdY[Z�ijW][i�_d�j^[�Wj^[heiYb[hej_Y�fheY[ii�m[h[�h[WY^[Z'�

��

9dim[h�je�h[i[WhY^�gk[ij_ed�AA3�Qekd]�WZkbji�Xehd�l[ho�fh[j[hc�eh�m_j^�[njh[c[bo�

bem�X_hj^m[_]^j�Xehd�_d�FehmWo�_d�j^[�f[h_eZ�\hec�*21)�je�+)))�^WZ�h[ZkY[Z�]beXWb�

b[\j�l[djh_YkbWh�\kdYj_ed�c[Wikh[Z�Xo�bed]_jkZ_dWb�ijhW_d�YecfWh[Z�je�Yedjhebi%�

_dZ_YWj_d]�_dYh[Wi[Z�h_ia�e\�Z[l[bef_d]�^[Whj�\W_bkh['�E[Wikh[i�e\�Z_Wijeb_Y�b[\j�

l[djh_YkbWh�\kdYj_ed%�_dYbkZ_d]�c[Wikh[i�e\�b[\j�Wjh_Wb�ijhW_d%�WdZ�[ij_cWj[i�e\�

coeYWhZ_Wb�meha�m[h[�i_c_bWh�_d�j^[�fh[j[hc�Xehd�YecfWh[Z�je�j^[�Yedjhebi'��

�

9dim[h�je�h[i[WhY^�gk[ij_ed�AAA3�HW[Z_Wjh_Y�WdZ�WZeb[iY[dj�Y^_bZ^eeZ�YWdY[h�ikhl_lehi�

jh[Wj[Z�_d�FehmWo�^WZ�h[ZkY[Z�b[\j�l[djh_YkbWh�\kdYj_ed�YecfWh[Z�je�Yedjhebi%�

ik]][ij_l[�e\�_dYh[Wi[Z�h_ia�e\�Z[l[bef_d]�^[Whj�\W_bkh['�@_]^[h�jh[Wjc[dj�Zei[i�e\�

Wdj^hWYoYb_d[i�WdZ�_dYh[Wi_d]�j_c[�W\j[h�YWdY[h�jh[Wjc[dj�m[h[�WiieY_Wj[Z�m_j^�bem[h�

coeYWhZ_Wb�ioijeb_Y�\kdYj_ed%�WdZ�bem[h�b[\j�l[djh_YkbWh�coeYWhZ_Wb�\kdYj_ed�mWi�

WiieY_Wj[Z�m_j^�bem[h�f[Wa�eno][d�Yedikcfj_ed'�
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L^[�\_dZ_d]i�_d�j^_i�ijkZo�e\�oekd]�WZkbji�Xehd�fh[j[hc�WdZ�fW[Z_Wjh_Y�YWdY[h�

ikhl_lehi�WZZ�_d\ehcWj_ed�ed�j^[_h�YWhZ_elWiYkbWh�h_ia'�>kjkh[�^[Wbj^�ekjYec[i�_d�

fh[j[hc�Xehd�WdZ�;;Ki�i^ekbZ�X[�\khj^[h�[nfbeh[Z%�fh[\[hWXbo�Xo�bed]_jkZ_dWb�\ebbem&

kf�ijkZ_[i�WdZ�_dj[hl[dj_ed�ijkZ_[i%�je�_Z[dj_\o�j^ei[�m^e�mekbZ�X[d[\_j�ceij�\hec�

Ybei[h�\ebbem&kf%�WdZ�je�_cfhel[�ekjYec[i'�L^_i�mekbZ�]W_d�j^[�ikX`[Yji�Wj�ikf[h_eh�

h_ia�WdZ�X[�^[Wbj^&[Yedec_YWbbo�X[d[\_Y_Wb'��

Eeh[el[h%�i_dY[�i[n&h[bWj[Z�Z_\\[h[dY[i�h[]WhZ_d]�YWhZ_elWiYkbWh�Z_i[Wi[�^Wl[�X[[d�

i^emd�je�X[�i_]d_\_YWdj%�ceh[�ijkZ_[i�i^ekbZ�W_c�je�_dl[ij_]Wj[�fej[dj_Wb�Z_\\[h[dY[i�

_d�ekjYec[i�h[bWj[Z�je�i[n�je�[dikh[�WZ[gkWj[�\ebbem&kf�WdZ�jh[Wjc[dj'�Aj�i^ekbZ�Wbie�

X[�_dl[ij_]Wj[Z�_\�W�ceh[�W]]h[ii_l[�WffheWY^�je�h[ZkY[�ceZ_\_WXb[�YWhZ_elWiYkbWh�

h_ia�\WYjehi�ikY^�Wi�^of[hj[di_ed%�Zoib_f_ZW[c_W%�WdZ�eX[i_jo�Xo�_djheZkY_d]�c[Z_YWb�

jh[Wjc[dj�[Whbo�YekbZ�Wbj[h�ekjYec[i%�eh�_\�_djheZkYj_ed�e\�Yedl[dj_edWb�^[Whj�\W_bkh[�

c[Z_YWj_ed�Wbh[WZo�_d�ikXYb_d_YWb�ijW][i�e\�YWhZ_WY�Zoi\kdYj_ed�YekbZ�_cfhel[�j^[�

fhe]dei_i'�9ZZ_j_edWbbo%�[nfbeh_d]�_\�_dYh[Wi[Z�Wcekdj�e\�f^oi_YWb�WYj_l_jo�Wbh[WZo�_d�

Y^_bZ^eeZ�YekbZ�h[ZkY[�YWhZ_elWiYkbWh�Yecfb_YWj_edi%�eh�Z[bWo�j^[�edi[j�e\�j^[i[%�

mekbZ�X[�e\�]h[Wj�_dj[h[ij'�9�H9;;K�ikX&ijkZo�_i�Wbh[WZo�fbWdd[Z�ed�j^_i�ikX`[Yj�WdZ�

m_bb�[lWbkWj[�j^[�\[Wi_X_b_jo�e\�W�/&cedj^�f[hiedWb_p[Z�f^oi_YWb�WYj_l_jo�_dj[hl[dj_ed�

Wi�W�fh[fWhWj_ed�\eh�W�\kjkh[�m[bb&Z[i_]d[Z�bWh][�hWdZec_p[Z�Yedjhebb[Z�jh_Wb'�9�

i_c_bWh�f^oi_YWb�WYj_l_jo�_dj[hl[dj_ed�ijkZo�_dYbkZ_d]�j^[�H=H�ijkZo�fefkbWj_ed%�m_j^�

if[Y_Wb�Wjj[dj_ed�je�YWhZ_WY�\kdYj_ed�c[Wikh[Z�Xo�[Y^eYWhZ_e]hWf^o%�mekbZ�WZZ�

lWbkWXb[�_d\ehcWj_ed�ed�YWhZ_elWiYkbWh�^[Wbj^�_d�fh[j[hc�Xehd'�KkY^�W�ijkZo�YekbZ�X[�

\WY_b_jWj[Z�Wj�j^[�=d[h]o�;[dj[h�\eh�;^_bZh[d�WdZ�9Zeb[iY[dji�Wj�@Wka[bWdZ�

Md_l[hi_jo�@eif_jWb'���

>khj^[hceh[%�_d�Wd�[hW�m_j^�_dYh[Wi[Z�\eYki�ed�c_j_]Wj_d]�j^[�YWhZ_ejen_Y�[\\[Yji�e\�

YWdY[h�jh[Wjc[dj%�ijkZ_[i�e\�coeYWhZ_Wb�\kdYj_ed�_d�;;Ki�Wh[�e\�_cfehjWdY[�\eh�\kjkh[�

][d[hWj_edi'�E_d_c_p_d]�e\�jh[Wjc[dj�Zei[i%�\WY_b_jWj_ed�e\�fh[ikcWXb[�\WlehWXb[�

Z[b_l[ho�e\�Y^[cej^[hWfo�WdZ�_hhWZ_Wj_ed%�WdZ�j^[�ki[�e\�YWhZ_e&fhej[YjWdj�c[Z_YWj_ed�

ikY^�Wi�j^[�_hed&Y^[bWj_d]�<[nhWpenWd[�m^_Y^�_d^_X_ji�j^[�\ehcWj_ed�e\�ZenehkX_Y_d&
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_hed�Yecfb[n[i�h[ikbj_d]�_d�h[ZkY[Z�][d[hWj_ed�e\�h[WYj_l[�eno][d�if[Y_[i%�ckij�X[�

Zed[�m_j^�YWkj_ed�je�Wle_Z�h[ZkY[Z�Wdj_d[efbWij_Y�[\\[Yji'�K_]d_\_YWdj�h[ZkYj_ed�e\�

YWhZ_ejen_Y_jo�Zk[�je�j^[i[�jh[Wjc[dj�ijhWj[]_[i�i^ekbZ�Yedj_dkekibo�X[�l[h_\_[Z'�
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*'� =d]Wd�:%�=d]Wd�E%�?h[l[�?%�NebbiW[j[h�E%�@k\j^Wcc[h�CG%�D[_h]kb�='�
NWiYkbWh�=dZej^[b_Wb�>kdYj_ed�9ii[ii[Z�Xo�>bem&E[Z_Wj[Z�NWieZ_bWjWj_ed�_d�Qekd]�
9Zkbji�:ehd�N[ho�Hh[j[hc�eh�O_j^�=njh[c[bo�Dem�:_hj^m[_]^j3�9�J[]_edWb�;e^ehj�
KjkZo'�)HFEJ�2=<A9JH'�+)+*4�230,-)1+'�
+'� =d]Wd�:%�GcZWb�LJ%�?h[l[�?%�NebbiW[j[h�E%�D[_h]kb�='�EoeYWhZ_Wb�\kdYj_ed�
_dYbkZ_d]�[ij_cWj[i�e\�coeYWhZ_Wb�meha�_d�oekd]�WZkbji�Xehd�l[ho�fh[j[hc�eh�m_j^�
[njh[c[bo�bem�X_hj^m[_]^j�&�W�Ye^ehj�ijkZo'�%/&�&9H<AFL9I;�'AIFH<'�+)+,4�+,3+++'�
,'� OehbZ�@[Wbj^�Gh]Wd_pWj_ed�#O@G$'�+)+,'�
-'� ;WdZ[b_de�E%�LW]_�NE%�;^_Wh[bb_�>'�;WhZ_elWiYkbWh�h_ia�_d�Y^_bZh[d3�W�XkhZ[d�
\eh�\kjkh[�][d[hWj_edi'�,J9C�-�2=<A9JH'�+)++4�-13.0'�
.'� J_id[i�C%�:_bij[[d�B>%�:hemd�H%�HkbWaaW�9%�9dZ[hi[d�9F%�GfZW^b�K%�[j�Wb'�
EehjWb_jo�9ced]�Qekd]�9Zkbji�:ehd�Hh[j[hc�WdZ�=Whbo�L[hc�_d�-�FehZ_Y�FWj_edi'�
-$/$�0=JM�1G=E'�+)+*4�-3[+),+002'�
/'� J_id[i�CJ%�NWjj[d�DB%�:Wa[h�BD%�BWc[ied�C%�Kel_e�M%�CW`Wdj_[�=%�[j�Wb'�
:_hj^m[_]^j�WdZ�cehjWb_jo�_d�WZkbj^eeZ3�W�ioij[cWj_Y�h[l_[m�WdZ�c[jW&WdWboi_i'�,EJ�-�
(GA<=DAFC'�+)**4�-)3/-0&//*'�
0'� D_fi^kbjp�K=%�9ZWci�EB%�;ebWd�K<%�;edij_d[�DK%�@[hcWd�=@%�@ik�<L%�[j�Wb'�
Ded]&j[hc�YWhZ_elWiYkbWh�jen_Y_jo�_d�Y^_bZh[d%�WZeb[iY[dji%�WdZ�oekd]�WZkbji�m^e�
h[Y[_l[�YWdY[h�j^[hWfo3�fWj^ef^oi_ebe]o%�Yekhi[%�ced_jeh_d]%�cWdW][c[dj%�
fh[l[dj_ed%�WdZ�h[i[WhY^�Z_h[Yj_edi3�W�iY_[dj_\_Y�ijWj[c[dj�\hec�j^[�9c[h_YWd�@[Whj�
9iieY_Wj_ed'�&AH;KC9JAFE'�+)*,4�*+13*2+0&*22.'�
1'� Fehm[]_Wd�:_hj^�J[]_ijho'�L^[�<[fWhjc[dj�e\�fkXb_Y�@[Wbj^%�FehmWo4�+)+)4�
9lW_bWXb[�\hec3�^jjfi3((mmm'\^_'de(^d(^[bi[h[]_ijh[&e]&h[]_ijh[(c\h('�
2'� L^[�Fehm[]_Wd�;WdY[h�J[]_ijho'�L^[�Kekj^�=Wij�Fehm[]_Wd�@[Wbj^�9kjeh_jo4�
+)+)4�9lW_bWXb[�\hec3�^jjfi3((mmm'ah[\jh[]_ij[h[j'de('�
*)'� J[ZZo�ME%�9Xk^WcWZ�9R%�D[l_d[�<%�KWWZ[�?J%�>[jWb�AcW]_d]�Oehai^ef�
Adl_j[Z�H'�>[jWb�_cW]_d]3�=n[Ykj_l[�ikccWho�e\�W�Be_dj�=kd_Y[�C[dd[Zo�K^h_l[h�
FWj_edWb�Adij_jkj[�e\�;^_bZ�@[Wbj^�WdZ�@kcWd�<[l[befc[dj%�KeY_[jo�\eh�EWj[hdWb&
>[jWb�E[Z_Y_d[%�9c[h_YWd�Adij_jkj[�e\�MbjhWiekdZ�_d�E[Z_Y_d[%�9c[h_YWd�;ebb[][�e\�
GXij[jh_Y_Wdi�WdZ�?od[Yebe]_iji%�9c[h_YWd�;ebb[][�e\�JWZ_ebe]o%�KeY_[jo�\eh�
H[Z_Wjh_Y�JWZ_ebe]o%�WdZ�KeY_[jo�e\�JWZ_ebe]_iji�_d�MbjhWiekdZ�>[jWb�AcW]_d]�
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Background: Preterm birth and low birthweight have been associated with increased

risk of cardiovascular disease in young adults. Endothelial dysfunction is established

as an early marker for development of atherosclerotic cardiovascular disease. Previous

studies of endothelial function in young adults born very preterm or with extremely low

birthweight have, however, shown diverging results.

Objective: We aimed to evaluate the risk of cardiovascular disease as measured by

vascular endothelial function in young adults born very preterm (<29 weeks of gestation)

or with extremely low birthweight (<1,000 g), compared with term-born controls.

Methods: This study included 50 young adults born very preterm or with extremely

low birthweight and 49 term-born controls born in Norway in the periods 1982–1985,

1991–1992, and 1999–2000 at mean age 28 (±6) years. The endothelial function

was assessed by ultrasound measured flow-mediated dilatation (FMD) of the right

brachial artery. The arterial diameter was measured at baseline, after release of

5min of occlusion, and after sublingual administration of nitroglycerine. FMD was

reported as absolute and percentage diameter change from baseline and relative to

nitroglycerine-induced dilatation.

Results: The participants were mainly normal weight non-smokers, without

hypertension, diabetes, or established cardiovascular disease. The cases and controls

had mean blood pressure 112/71 (SD 12/9) and 112/69 (SD 11/8) mmHg, body mass

index 24.0 (SD 4.2) and 24.4 (SD 4.5) kg/m2, and HbA1c 32.7 (SD 2.5) and 33.0 (SD

2.6) mmol/mol, respectively. For both groups, 4 (8%) were smokers. Mean FMD for the

adults born very preterm or with extremely low birthweight was 0.17mm (95% CI 0.14,

0.21) vs. 0.24mm (95% CI 0.20, 0.28) for the controls (p = 0.01), corresponding to a

percentage increase of 5.4% (95% CI 4.2, 6.6) and 7.6% (95% CI 6.2, 8.9), respectively

(p = 0.02). The FMD relative to maximal nitroglycerine-induced dilatation was 20% and

31%, respectively (p = 0.001).
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Conclusions: Young adults born very preterm or with extremely low birthweight have

significantly lower FMD compared with the term-born controls suggesting an increased

risk of cardiovascular disease.

Keywords: endothelial function, flow-mediated dilatation, very preterm, extremely low birthweight, cardiovascular

risk

INTRODUCTION

Preterm birth is an important cause of neonatal morbidity and
mortality worldwide. In the 1970s, most neonates born extremely
preterm (<28 weeks of gestation) in Norway did not survive.
Technical and medical development in neonatal intensive care
over the last decades have markedly increased survival rates for
these neonates, which today exceed 80% (1–3). Neonates born
extremely preterm now represent ∼0.5% of all children growing
up in Norway (4).

There is increasing evidence indicating that children born
preterm (before 37 weeks of gestation) or with low birthweight
(LBW) (<2,500 g) carry a risk of poor long-term health
outcomes and a higher risk of young adult death, even in
individuals born only moderately to late preterm (2, 5) (see
Supplementary Table 1 for definitions of different degrees of
preterm birth and low birthweight). Preterm birth and LBW have
been linked to increased risk of hypertension (6, 7), diabetes
(8, 9), and metabolic disease (9, 10), and it has been suggested
that both preterm birth and LBW might constitute risk factors
for later development of cardiovascular disease (5, 10–17). A
recent meta-analysis concluded that LBW is associated with
an overall increased risk of cardiovascular disease, coronary
heart disease, and stroke (18). Furthermore, a population-based
cohort study from the Nordic countries reported a 2-fold higher
cardiovascular mortality in young adults born preterm in year
1967 to 2002 (2). The increased risk of all-cause mortality and
cardiovascular disease are found to be inversely associated with
gestational age (GA) and birthweight (2, 5).

A healthy endothelium is important for vascular homeostasis,
and an appropriate balance of mediating factors regulates
endothelial vasoconstriction and vasodilatation. A hallmark
of healthy endothelial function is the nitric oxide synthesis
and release by the endothelial inner lining of blood vessels
in response to vasodilating stimuli (19). Vascular endothelial
dysfunction constitutes an early step in the development of
atherosclerosis and plays a role in the onset and progression
of cardiovascular disease (19–22). Factors that adversely
affect the endothelium include common cardiovascular
risk factors such as age, hypertension, tobacco use, obesity,
hyperlipidemia, insulin resistance, and physical inactivity
(23). Endothelial dysfunction is also seen in patients with a
family history of early cardiovascular disease but no other risk
factors (23).

Previous studies of endothelial function in children
and young adults born preterm or with LBW have
presented diverging results, with findings of normal as
well as reduced endothelial function (17, 24–28). Only a
few studies have included young adults born extremely

preterm or with extremely low birthweight (ELBW)
(<1,000 g). However, Bassareo et al. (29) reported impaired
microvascular endothelial function in young adults born
with ELBW.

In the present study, we aimed to investigate how very
preterm birth or ELBW may influence cardiovascular risk, by
comparing the vascular endothelial function in young adults
born at GA <29 weeks or with birthweight <1,000 g, with term-
born controls.

MATERIALS AND METHODS

Study Design and Participants
The Project Extreme Prematurity, organized by the WestPaed
Research group in Bergen, Norway, have included three regional
cohorts of young adults born very preterm at GA <29 weeks or
with ELBW <1,000 g, from now on referred to as PB/ELBW.
The three cohorts also included individually age- and sex-
matched term-born controls, from now on referred to as controls.
The participants have been followed longitudinally since year
2000, and have previously been examined in 2001 and 2008.
The cohorts included a total number of 148 PB/ELBW and
138 controls. Subjects born in 1982–1985 (cohort 1) and in
1991–1992 (cohort 2) were retrospectively recruited, while those
born in 1999–2000 (cohort 3) were prospectively recruited. The
inclusion and follow-up of these cohorts have been described
previously (30, 31).

During the period, November 2017 to February 2020
individuals from the three regional cohorts were invited to a
third follow-up, including a first-time non-invasive ultrasound-
based examination of endothelial function. A total of 99
participants were examined, including 50 PB/ELBW (48%
men) and 49 controls (41% men). Of the participants, 42
belonged to cohort 1, 29 to cohort 2, and 28 to cohort 3.
HbA1c (glycosylated hemoglobin) was chosen as screening
for diabetes. HbA1c is highly correlated with fasting blood
glucose and established as a screening diagnostic test with
cut-off for prediabetes 39 mmol/mol (32, 33). The analyses
were performed in 39 (78%) of the PB/ELBW and in 47
(96%) of the controls. All participants went through a clinical
examination including measurements of height, weight, and
blood pressure. A flow diagram of the project participants is
shown in Figure 1.

The Regional Committee for Medical and Health
Research Ethics of the Western Norway Health
Authority approved the study (REC 2017/0068).
Written informed consent was obtained from
all participants.
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FIGURE 1 | Flow chart of the study population in the study of vascular

endothelial function in young adults born very preterm or with extremely low

birthweight (PB/ELBW) and term-born controls, part of the Project Extreme

Prematurity in Norway.

Assessment of Endothelial Function by

Flow-Mediated Dilatation of the Brachial

Artery
Measurements of endothelial function by post-occlusive flow
mediated dilatation (FMD) were performed according to
guidelines by the International Brachial Artery Reactivity Task
Force (34). Numerous factors affect flow-mediated vascular
reactivity including the environmental temperature, ongoing
infection, intake of food or drugs, and sex hormonal and
sympathetic stimuli, among others (34). The assessment was
therefore performed in supine position in a quiet, temperature-
controlled room in the morning hours (before noon). Participant
pre-test preparations included dietary restrictions (fasting for at
least 8 h, and abstaining from caffeine and vitamin supplements
on the examination day). In addition, all vasoactive medications
and tobacco were withheld on the examination day, and the
participants did not exercise the last 24 h before the examination.
Participants who were pregnant, breast feeding, or menstruating
were excluded to limit the variations in sex hormone levels in the
female participants. Hormonal contraceptives have been shown
to have little influence on FMD in healthy premenopausal women
(35, 36), and participants using these were included in the study.

For imaging, we used Vivid E9 scanner (GE Vingmed
Ultrasound, Horten, Norway) with a multiple linear array

transducer (6 to 13 MHz). Offline imaging analyses were done
with EchoPAC version 203 (GE Vingmed Ultrasound).

The participants were examined in supine position with the
right arm resting in unchanged position. The right brachial artery
was imaged above the antecubital fossa in the longitudinal plane,
and the internal diameter was measured at end-diastole, from the
anterior to the posterior endothelial lining of the blood vessel
lumen. During image acquisition, anatomic landmarks such as
veins, artery branches, and fascial planes were noted, andmarkers
on the skin were drawn to help maintain the exact same image of
the artery throughout the study. Occlusion of the brachial artery
was done with a blood pressure cuff on the right forearm, inflated
at least 50 mmHg above systolic blood pressure.

Images of the brachial artery were first collected at
baseline after 10min of rest, then repeatedly for 3min after
release of 5-min occlusion, and finally, after a second 10-
min resting period, repeatedly for 5min after a single dose
(0.4mg) of nitroglycerine spray (Nitrolingual; G.Pohl-Boskamp
GmbH & Co.KG, Hohenlockstedt, Germany) was administered
sublingually. Measurements were done at baseline (Dbaseline),
at peak dilatation after release of occlusion (Dflowmediated), and
at peak dilatation after sublingual nitroglycerine (Dpeaknitro).
For all diameter measurements, an average of three was used.
Further details and illustrations of the method are described in
the International Brachial Artery Reactivity Task Force (34) and
in Figure 2.

FMD was calculated as the absolute diameter change
(Dflowmediated – Dbaseline) and the percentage diameter
change {[(Dflowmediated – Dbaseline) / Dbaseline] ×

100}. The endothelial-independent nitroglycerine-induced
dilatation (NID) was calculated as the absolute diameter
change (Dpeaknitro – Dbaseline) and the percentage diameter
change {[(Dpeaknitro – Dbaseline) / Dbaseline] × 100}.
The FMD relative to NID was measured to evaluate the
endothelial-dependent dilatation capacity compared with
maximal capacity [(Dflowmediated – Dbaseline) / (Dpeaktnitro
– Dbaseline)× 100].

A single highly trained sonographer (B.E.) performed all
FMD examinations. Another highly trained physician (E.L.)
performed control measurements on images of the brachial
artery in a random selection of study participant (n = 12).
The interrater reliability as measured by a two-way mixed-
effects model for absolute agreement was 0.99 (95% CI 0.96,
1.00) for Dbaseline measurements, 0.97 (95% CI 0.89, 0.99) for
Dflowmediated measurements, and 0.94 (95% CI 0.82, 0.98) for
Dpeaknitro measurements.

Information regarding group affiliation (PB/ELBW or
control) was unknown to the sonographer at the time
of examination.

Blood Pressure and Blood Sample

Measurements
Blood pressure was calculated as the average of three
measurements with an automated oscillometric device (Biolight
BLT V6; Biolight Meditech Company, Guangdong, China)
after 5min of rest in supine position. Venous blood samples
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FIGURE 2 | The artery diameter was first measured at baseline after 10min of rest. Thereafter, occlusion of the right brachial artery was done with a blood pressure

cuff on the forearm, inflated at least 50 mmHg above systolic blood pressure for 5min. The next measurements were done at peak artery dilatation after release of

occlusion. After a second 10-min resting period followed by sublingual nitroglycerine administration, the last measurements were done at peak artery dilatation.

(in ethylenediaminetetraacetic acid–containing tubes) were
collected for measurements of HbA1c.

Statistical Analysis
Gestational age is presented as medians with interquartile
ranges (IQRs). Other descriptive variables and outcome data
are presented as means with 95% CIs or SD. For comparison
of the absolute flow-mediated and nitroglycerine-induced artery
diameter changes in PB/ELBW and controls, analysis of
covariance (ANCOVA) was used with adjustment for baseline
diameter. To examine whether sex, age, BMI, HbA1c level,
smoking status, or blood pressure could explain the difference
in FMD between PB/ELBW and controls, these variables were
also added to the regression model, and an omnibus test on
an effect of at least one variable was performed. To examine
whether the difference in absolute FMD between PB/ELBW and
controls differed by sex, an interaction term for sex and group
affiliation was added. For comparison of descriptive variables,
percentage flow-mediated and nitroglycerine-induced artery
diameter changes from baseline, and endothelial-dependent
dilatation capacity (FMD relative to NID) between PB/ELBW
and controls, independent samples t-tests (with equal variance
not assumed) were applied.

Comparison of absolute and percentage FMD between
subgroups of PB/ELBW was done with ANCOVA (with
adjustment for baseline diameter) and independent t-test (with
equal variance not assumed), respectively. Comparison of FMD
between the three PB/ELBW cohorts was done by Welch’s
ANOVA. All tests were two-sided, and p < 0.05 was considered
statistically significant. All statistical analyses were performed
using SPSS version 26.0 (IBM Corp., Armonk, NY, USA).

RESULTS

The characteristics of the study participants are shown inTable 1.
The control group was significantly taller than the PB/ELBW
group; otherwise, there were no significant differences for age,
weight, body mass index (BMI), blood pressure, HbA1c level, or
smoking status. In the PB/ELBW and control group, mean BMI
was 24.0 (SD 4.2) and 24.4 (SD 4.5) kg/m2, mean blood pressure
112/71 (SD 12/9) and 112/69 (SD 11/8) mmHg, andmeanHbA1c
32.7 (SD 2.5) and 33.0 (SD 2.6) mmol/mol, respectively. For
both groups, mean age was 28 (SD 6) years and 4 (8%) were
smokers. The birthweight in the PB/ELBW group ranged from
550 to 1,480 g with mean birthweight 961 (SD 225) g. The
GA ranged from 23 to 34 weeks with median GA 27 (IQR 2)
weeks. Among the PB/ELBW participants, 14 (28%) were born
small for gestational age [<10th percentile according to (37)], 28
(56%) were extremely preterm born (<28 weeks of gestation), 27
(54%) had ELBW (<1,000 g), 19 (38%) had birthweight ≤800 g
or GA <26 weeks, and 11 (22%) had birthweight ≤700 g or
GA <25 weeks. Mean baseline diameter of the brachial artery
was not significantly different in the control group compared
with the PB/ELBW group, 3.37mm (95% CI 3.19, 3.54) vs.
3.21mm (95% CI 3.07, 3.35), respectively (p = 0.17). None
of the participants in the study had history of atherosclerotic
cardiovascular disease.

Endothelial-Dependent Flow-Mediated

Dilatation (FMD)
Table 2 describes measurements of FMD of the brachial artery.
The mean absolute FMD was 0.17mm (95% CI 0.14, 0.21) in the
PB/ELBW group vs. 0.24mm (95% CI 0.20, 0.28) in the control
group (p= 0.01), and themean percentage change was 5.4% (95%
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TABLE 1 | Characteristics of study participants.

PB/ELBW Controls P-value

Total, n (% males) 50 (48%) 49 (41%)

Cohort 1 (born 1982–1985), n 21 21

Cohort 2 (born 1991–1992), n 16 13

Cohort 3 (born 1999–2000), n 13 15

Gestational age (weeks), median (IQR) 27 (2) Term-born

Birthweight (g), mean (SD) 961 (225) 3,513 (304)

Small for gestational age, n 14 (28%)

Extremely preterm GA <28 weeks, n 28 (56%)

Extremely low birthweight <1,000 g, n 27 (54%)

Age (years), mean (SD) 28 (6) 28 (6) 0.87

Height (cm), mean (SD) 168.5 (8.2) 172.9 (7.7) 0.01

Weight (kg), mean (SD) 68.4 (14.8) 73.1 (13.5) 0.11

Smokers, n 4 (8%) 4 (8%) 0.98

BMI (kg/m2), mean (SD) 24.0 (4.2) 24.4 (4.5) 0.59

HbA1c (mmol/mol) (SD)a 32.7 (2.5) 33.0 (2.6) 0.62

Systolic BP (mmHg), mean (SD) 112 (12) 112 (11) 0.86

Diastolic BP (mmHg), mean (SD) 71 (9) 69 (8) 0.38

Baseline diameterb (mm), mean (95% CI) 3.21 (3.07, 3.35) 3.37 (3.19, 3.54) 0.17

PB/ELBW very preterm born (<29 weeks of gestation) or with extremely low birthweight (<1,000 g). IQR, interquartile range; GA, gestational age; BMI, body mass index; HbA1c,

glycosylated hemoglobin; BP, blood pressure.
aHbA1c was measured in 78% of the PB/ELBW group and 96% of the control group.
bBaseline diameter of the brachial artery.

TABLE 2 | Brachial artery measurements in young adults born very preterm or with extremely low birthweight and term-born controls.

PB/ELBW 95% CI Controls 95% CI P-value

N = 50 N = 49

Baseline diameter (mm), mean 3.21 (3.07, 3.35) 3.37 (3.19, 3.54) 0.17

Peak diameter at FMD (mm), mean 3.39 (3.24, 3.54) 3.61 (3.44, 3.77) 0.57

Peak diameter at NID (mm), mean 4.02 (3.85, 4.18) 4.15 (4.00, 4.31) 0.23

Absolute FMD (mm), meana 0.17 (0.14, 0.21) 0.24 (0.20, 0.28) 0.01

Absolute NID (mm), meana 0.79 (0.73, 0.86) 0.79 (0.74, 0.83) 1.00

Percentage FMD (%), mean 5.4 (4.2, 6.6) 7.5 (6.2, 8.9) 0.02

Percentage NID (%), mean 25.0 (22.8, 27.2) 24.5 (22.2, 26.8) 0.75

FMD/NID (%), mean 20.3 (16.1, 24.5) 30.8 (25.9, 35.6) 0.001

PB/ELBW, very preterm born (<29 weeks of gestation) or with extremely low birthweight (<1,000 g); FMD, flow-mediated dilatation; NID, nitroglycerine induced dilatation.
aAdjusted for baseline diameter.

CI 4.2, 6.6) vs. 7.5% (95% CI 6.2, 8.9), respectively (p = 0.02).
The absolute brachial artery diameters at baseline, after FMD and
after NID, are shown in Figure 3 and the percentage FMD in
Figure 4.

No confounding effect was found for sex, age, BMI, HbA1c
level, smoking status, or blood pressure on baseline-adjusted
difference in absolute FMD between PB/ELBWs and controls
(p= 0.56, n= 83).

Nitroglycerine-Induced Dilatation (NID)
There was no significant difference in absolute and percentage
NID between the PB/ELBW group and the control group. Mean
absolute NID was 0.79mm (95% CI 0.73, 0.86) in the PB/ELBW

group and 0.79mm (95% CI 0.74, 0.83) in the control group
(p = 1.0); mean percentage change was 25.0% (95% CI 22.8,
27.2) and 24.5% (95% CI 22.2, 26.8), respectively (p = 0.74)
(Table 2).

Endothelial-Dependent Dilatation Capacity

(FMD Capacity)
FMD relative to maximal dilatation capacity measured
by NID was significantly lower in the PB/ELBW group
compared with the control group. The mean FMD/NID
was 20.1% (95% CI 16.1, 24.5) and 30.8% (95% CI 25.9,
35.6), respectively (p = 0.001), shown in Table 2 and
Figure 5.
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FIGURE 3 | Brachial artery diameter at baseline (blue), after flow-mediated dilatation (red), and after nitroglycerine induced dilatation (green) in young adults born very

preterm or with extremely low birthweight (PB/ELBW) and term-born controls, presented as mean with 95% CI. Absolute flow-mediated dilatation was 0.17mm (95%

CI 0.14, 0.21) in the PB/ELBW group and 0.24mm (95% CI 0.20, 0.28) in the control group. Dbaseline: brachial artery diameter at baseline; Dflowmediated: brachial

artery diameter after flow-mediated dilatation; Dpeaknitro: brachial artery diameter after nitroglycerine induced dilatation.

FIGURE 4 | Percentage flow-mediated dilatation (FMD) of the brachial artery from baseline in young adults born very preterm or with extremely low birthweight

(PB/ELBW) and term-born controls, presented as mean with 95% CI. Percentage FMD was 5.4% (95% CI 4.2, 6.6) for PB/ELBW and 7.5% (95% CI 6.2, 8.9) for

controls.

FMD by Cohort and by Subgroup of

Birthweight and GA
For cohorts 1, 2, and 3, the mean age at assessment was 34 (SD
1.5) years, 27 (SD 0.6) years, and 20 (SD 0.9) years, median GA
28 (IQR 2) weeks, 27 (IQR 3) weeks, and 27 (IQR 1) weeks, and
mean birthweight 1,022 (SD 218) g, 942 (SD 238) g, and 885
(SD 208) g, respectively. There was a non-significant tendency
of lower FMD in the older cohorts among controls, but we found
no difference in absolute or percentage FMD, or FMD capacity,
between the three cohorts of PB/ELBW (p = 0.6, 0.8, and 0.3,

respectively). Characteristics and FMD measures by cohort are
shown in Table 3 and Figure 6.

We also compared subgroups of PB/ELBW with the

lowest birthweight and GA with the remaining participants

of the PB/ELBW group. We found no significant difference

in mean absolute or percentage FMD or FMD capacity

between the subgroup with birthweight ≤800 g or GA ≤26

(38% of PB/ELBW) and the remaining PB/ELBW group (p

= 1.0, 1.0, and 1.0, respectively), or between the subgroup
with birthweight ≤700 g or GA ≤25 (22% of PB/ELBW)
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FIGURE 5 | Endothelial-dependent dilatation capacity measured as flow-mediated dilatation in percent of nitroglycerine induced dilatation of the brachial artery in

young adults born very preterm or with extremely low birthweight (PB/ELBW) and term-born controls presented as mean with 95% CI. Endothelial-dependent

capacity was 20.1% (95% CI 16.1, 24.5) for PB/ELBW and 30.8% (95% CI 25.9, 35.6) for controls.

TABLE 3 | Characteristics of participants born very preterm or with extremely low birthweight, by cohort.

Cohort born 1982–1985 Cohort born 1991–1992 Cohort born 1999–2000 P-value

n = 21 n = 16 n = 13

Age (years), mean (SD) 34 (1.5) 27 (0.6) 20 (0.9) < 0.01

BW (g), mean (SD) 1,022 (218) 942 (238) 885 (208) 0.2

GA (weeks), median (IQR) 28 (2) 27 (3) 27 (1) 0.3

BMI (kg/m2), mean (SD) 24.8 (4.1) 24.6 (3.7) 21.8 (4.5) 0.1

Height (cm), mean (SD) 169.0 (7.5) 169.2 (9.0) 166.7 (8.5) 0.7

Weight (kg), mean (SD) 71.1 (13.7) 70.7 (14.1) 61.2 (16.0) 0.1

Smokers, n 3 1 0 0.3

HbA1c (mmol/mol), mean (SD) 32.7 (2.8) 32.5 (2.3) 32.9 (2.3) 1.0

Systolic BP (mmHg), mean (SD) 112 (14) 115 (12) 109 (10) 0.4

Diastolic BP (mmHg), mean (SD) 74 (10) 71 (7) 67 (8) 0.1

Baseline diameter (mm), mean (95% CI) 3.33 (3.14, 3.52) 3.09 (2.18, 3.36) 3.18 (2.40, 3.50) 0.3

Absolute FMD (mm), mean (95% CI) 0.20 (0.14, 0.26) 0.16 (0.08, 0.23) 0.16 (0.08, 0.25) 0.6

Percentage FMD (%), mean (95% CI) 5.8 (4.0, 7.7) 5.0 (2.6, 7.4) 5.2 (2.3, 8.2) 0.8

FMD/NID (%), mean (95% CI) 24.1 (17.1, 31.2) 16.4 (9.7, 23.4) 18.5 (9.4, 27.7) 0.3

BW, birthweight; GA, gestational age; IQR, interquartile range; BMI, body mass index; HbA1c, glycosylated hemoglobin; BP, blood pressure; FMD, flow-mediated dilatation; NID,

nitroglycerine-induced dilatation.

and the remaining PB/ELBW group (p = 0.6, 0.7, and
0.3, respectively).

FMD by Sex
In analyses of absolute (baseline-adjusted) and percentage FMD
separated by sex, we found significantly lower FMD in the
female PB/ELBW group compared with the control group, but
no significant difference among men. However, the interaction
analysis did not show a significant sex effect on the total group
difference in absolute FMD (p= 0.18). In women, mean absolute
FMD was 0.15mm (95% CI 0.09, 0.20) in the PB/ELBW group
vs. 0.25mm (95% CI 0.21, 0.30) in the control group (p= 0.004),
with mean percentage change 5.0% (95% CI 3.1, 7.0) vs. 8.6%

(95% CI 7.0, 10.3), respectively (p= 0.01). In men, mean absolute
FMD was 0.20mm (95% CI 0.15, 0.26) in the PB/ELBW group
vs. 0.23mm (95% CI 0.15, 0.30) in the control group (p = 0.3),
with mean percentage change 5.8% (95% CI 4.2, 7.4) vs. 6.0%
(95% CI 3.9, 8.1), respectively (p= 0.9) (shown in Figure 7). The
difference in absolute FMD diameter change between PB/ELBW
and controls was 0.07mm (95% CI −0.03, 0.18) greater in the
female participants vs. the male participants (p= 0.18).

DISCUSSION

Among 50 young adults with mean age 28 (SD 6) years born
preterm at median GA 27 (IQR 2) weeks, and with mean
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FIGURE 6 | Percentage flow-mediated dilatation of the brachial artery in young adults born very preterm or with extremely low birthweight (PB/ELBW) born in year

1982–1985 (cohort 1, n = 21), 1991–1992 (cohort 2, n = 16), and 1999–2000 (cohort 3, n = 13), presented as mean with 95% CI. Percentage FMD was 5.8% (95%

CI 4.0, 7.7) in cohort 1, 5.2% (95% CI 2.6, 7.4) in cohort 2, and 5.2% (95% CI 2.3, 8.2) in cohort 3.

FIGURE 7 | Percentage flow-mediated dilatation (FMD) of the brachial artery in 24 men and 26 women born very preterm or with extremely low birthweight, and

term-born controls (20 men and 29 women), presented as mean with 95% CI. In women, percentage FMD was 5.0% (95% CI 3.1, 7.0) for PB/ELBW vs. 8.6% (95%

CI 7.0, 10.3) for controls. In men, percentage FMD was 5.8% (95% CI 4.2, 7.4) for PB/ELBW vs. 6.0% (95% CI 3.9, 8.1) for controls.

birthweight 961 (SD 225) g, we found reduced flow-mediated
dilatation and endothelial-dependent dilatation capacity of the
brachial artery, compared with term-born controls.

Similar to our study, Bassareo et al. (29) found reduced
endothelial function measured by finger plethysmography in
young adults with mean GA 27.8 (SD 2.2) weeks and mean
birthweight 838 (SD 116) g. In addition, Martin et al. (24) found
reduced microvascular endothelial function in a small group of
school children with mean age 9 (SD 1.4) years and with mean

birthweight 2,188 (SD 224) g. Contrary to our findings, Flahault
et al. (28), Singhal et al. (26), and Hovi et al. (27) reported
normal flow-mediated dilatation of the brachial artery in young
adults born preterm or with LBW. Flahault’s study included 85
individuals born preterm with mean GA 27.2 (SD 1.4) weeks and
birthweight 963 (SD 225) g, similar to our population, whereas
the populations in the studies by Singhal and Hovi had higher
GA and birthweight [mean GA 31 (SD 2.7) and 29.5 (SD 2.4)
weeks, respectively, and mean birthweight 1,400 g (SD 300 g
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and 112 g, respectively)]. In addition, Shingal’s study population
was younger with mean age 15 (SD 0.9) years at the time of
assessment. Higher GA and birthweight, and younger age at time
of assessment, could explain the differences in results in these two
studies, compared with the present study.

Previous studies have showed an inverse association between
GA and birthweight and the risk of cardiovascular disease
(2, 5). We were not able to show a significant difference
in FMD or endothelial-dependent dilatation capacity between
the subgroups of PB/ELBW with the lowest birthweight and
GA, compared with the remaining PB/ELBW group. Similarly,
we found no difference in FMD or endothelial-dependent
dilatation capacity between the three PB/ELBW cohorts. While
the lower mean birthweight in the youngest cohort compared
with the oldest cohort (885 g vs. 1,022 g) could lead to a
lower FMD, the younger age at the time of assessment and
possible improvement in neonatal intensive care treatment the
last decades could have the opposite influence on FMD in
the younger cohorts. However, the study samples within the
subgroups and cohorts of the PB/ELBWs were too small to show
minor group differences.

A complex interplay between circulating sex steroid hormones
and steroid-independent mechanisms are assumed to contribute
to a stated overall difference in endothelial function between
healthy young men and women (19). Both sexes show an age-
dependent decline in endothelial function (19), and a steeper
decline is seen in postmenopausal women (38). This claimed
sex difference was, however, doubted by Atkinson et al., who
argued that the reported sex differences in fact may be a result of
calculation bias because of baseline diameter variations (39, 40).
We found a small non-significant difference in mean baseline
diameter between the PB/ELBW and control group, and chose to
compare the absolute brachial artery diameter changes adjusted
for baseline diameter. Fewermen (44%) than women participated
in the study, and the sex distribution within each group was
slightly unequal. The PB/ELBW group consisted of 48%men and
the control group of 41% men. We did, however, not find any sex
differences for the main result (absolute FMD in PB/ELBW and
controls), although the small sample size provides little statistical
power for the interaction analysis.

Most studies assessing FMD of the brachial artery present
their results as percentage diameter change from baseline. A cut-
off value for FMD indicating normal endothelial function in
young adults is not established. The FMD results differ widely
between studies with seemingly similar populations, and mean
FMD values across populations range from −1.9 to 19.2% (41).
Divergent FMD results are partly attributable to methodology
and technical aspects of the measurements of the brachial artery.
The FMD responsemay differ with duration, degree, and location
of occlusion of the brachial artery (41), with choice of artery,
or with method to induce stress to the artery. Possible diurnal
variations of FMD may also exist (42, 43). A large Japanese
multicenter study proposed a cut-off value for FMD indicating
normal vascular function of 8.9% in subjects younger than 40
years and 7.1% independent of age (44). In the present study,
the mean FMD in the PB/ELBW group was 5.4%; in the control
group, 7.5%. Among the 50 participants in the PB/ELBW group

and 49 participants in the control group, 76 and 65% had FMD
lower than 8.9% in the respective groups, whereas 66 and 47%
had FMD lower than 7.1%.

The interrelationship between endothelial-dependent
vasodilatation and endothelial-independent NID and the
relation to cardiovascular risk factors and disease are debated
(45–48). Impaired NID might reflect vascular smooth
muscle cell dysfunction and vascular structure alternations
due to atherosclerosis (49, 50). The presence of multiple
cardiovascular risk factors or established cardiovascular disease
has previously been reported to impair NID of the brachial
artery (46).

While a low FMD/NID ratio could indicate cardiovascular
risk factors impairing the endothelial function, but no established
vascular disease, individuals with established vascular disease
and vascular smooth cell dysfunction might have normal or
even high FMD/NID ratio despite impaired endothelial function.
Assessed together, however, FMD and FMD/NID ratiomight give
valuable information.

The term of describing endothelial function as endothelial-
dependent FMD capacity compared with maximal dilatation
capacity, in terms of endothelial-independent NID, is probably
most valuable when NID is normal and can be estimated
as maximal dilatation. Maruhashi et al. suggested an age-
independent cut-off value of 15.6% for NID of the brachial artery
in healthy Japanese people (44). We found mean NID of 25% in
both the PB/ELBW and control group. Only 8% in the PB/ELBW
group and 14% in the control group had NID <15.6%. None of
these were smokers, and all had normal values for HbA1c and
normal resting blood pressure. Four (one in the PB/ELBWgroup)
were overweight with BMI >25 kg/m2. Normal NID response in
most of our study participants corresponds well to the population
characteristics with a mean age of 28 years, and no established
atherosclerotic disease ormultiple cardiovascular risk factors.We
found decreased endothelial-dependent dilatation capacity in the
PB/ELBW compared with controls, 20% vs. 31%, respectively,
indicating an impairment of the endothelial function and normal
vascular smooth cell function.

The increasing group of adults born very preterm carry a
risk of a range of long-term complications and early adult
death (2). Although large efforts are invested to facilitate the
survival of these infants, the investments in long-term follow-
up have been comparatively marginal, and the knowledge on
life-long health prospects is sparse. It is especially important to
detect modifiable risk factors or early signs of disease in this
group, to reduce the life-long disease burden to both individuals
and society.

Both indices of microvascular and macrovascular endothelial
dysfunction are associated with risk of cardiovascular disease;
however, the different methods used to evaluate endothelial
function are not interchangeable, and the results may represent
different aspects of cardiovascular risk (51). Only a few previous
studies have investigated endothelial function in young adults
born very preterm and with extremely low birthweight, and to
our knowledge, only the study by Flahault et al. (28) investigated
macrovascular endothelial function by FMD in this patient
group. Our study, therefore, adds important information to

Frontiers in Pediatrics | www.frontiersin.org 9 September 2021 | Volume 9 | Article 734082



Engan et al. Endothelial Function in Preterm Born

the knowledge of the health and future risk of young adults
born preterm.

Although dependent on examinator skills, FMD is a preferable
method to assess macrovascular endothelial function because it
is non-invasive, painless, requires equipment available at any
cardiology department, and has a short examination time of
about 30min. It is a well-known method with widespread use
in research.

Previous studies have reported an association of traditional
cardiovascular risk factors with preterm birth and LBW (6–10),
corresponding to an increased risk of cardiovascular disease in
the group (2, 18). Our findings of reduced endothelial function
in the PB/ELBW group compared with the control group,
with no difference in other known risk factors (smoking, BMI,
diabetes, hypertension), suggest that extremely low birthweight
and very preterm birth might represent individual risk factors
for endothelial dysfunction, and thus cardiovascular disease.
This association may be due to complex mechanisms triggered
already in the intrauterine and neonatal period. Infections
and inflammatory processes during pregnancy are major risk
factors for premature birth, and might itself give an increased
cardiovascular risk (52, 53). Most very preterm born neonates
have been exposed to extensive intensive care treatment and
long periods of oxygen supplementation that can induce
oxidative stress reactions, and might be harmful in a long-
term perspective (54). In addition, behavioral issues associated
with increased cardiovascular risk, like physical inactivity, may
affect cardiovascular health, and previous studies have reported
reduced level of activity and physical fitness in preterm born
children and adults (55, 56). Maternal smoking or exposure
to second-hand smoking during pregnancy (57), and maternal
diabetes (58) are associated with preterm delivery and also with
risk factors of cardiovascular disease in offspring. There is,
however, little evidence that these exposures represent individual
risk factors for offspring cardiovascular disease (59, 60). Further
studies are needed to investigate the causal pathways of the
associations between preterm birth or low birthweight and
cardiovascular risk.

The study was part of a regional population-based cohort
study of individuals born PB/ELBW and individually age-
and sex-matched term-born controls recruited to long-term
follow-up since year 2000. The study design, and similarity
of the PB/ELBW and control group regarding characteristics
and cardiovascular risk factors at the time of the assessment
reduce the risk of confounding. The method of measuring
endothelial function is well-established (20, 61). To diminish
procedure-related variance, the measurements were performed
by a highly trained single sonographer with strict adherence to
the International Brachial Artery Reactivity Task Force, and the
calculated interrater variability was excellent (62).

There were limitations to this study. Only 34% of the eligible
PB/ELBW subjects were examined. The PB/ELBWs who did
not participate had similar median GA and mean days of
ventilatory support and oxygen demand, compared with those
who participated (Table 4). The subjects who did not participate
had a slight and non-significant lower mean birthweight (896 g
vs. 961 g, p = 0.08), and a higher occurrence of moderate
or severe bronchopulmonary dysplasia (63) compared with
the PB/ELBWs who participated. Flahault et al. described an
association between bronchopulmonary dysplasia and altered
elastic properties of the brachial artery, but found no similar
association with impaired FMD (28). The possible selection
bias could, however, most likely lead to an underestimation
of the difference in FMD between the PB/ELBW and the
control group. Although the PB/ELBW and control group were
well-matched for several known cardiovascular risk factors,
we had no information regarding cholesterol levels or family
history of cardiovascular disease. Previous studies have found
no association between maternal familial hypercholesterolemia
and preterm birth or LBW (64), but a possible association
of preterm birth with dyslipidemia (65). A small risk of
unknown confounding cannot be ruled out. However, as all study
participants were normotensive and all measurements of HbA1c
were well beneath the cut-off for prediabetes, and the BMI was
similar in the two groups, there is in our opinion not a high
risk of lipid discrepancy between the groups. The measurements

TABLE 4 | Characteristics of participants and non-participants born very preterm or with extremely low birthweight.

Participants (n = 50) Non-participants (n = 98) P-value

Male/female, n 24/26 50/48 0.08

Cohort 1/2/3, n 21/16/18 28/19/51

BW, g, mean (SD) 961 (225) 896 (178)

GA, weeks, median (IQR) 27 (2) 27 (2) 0.3

Days on ventilator, mean (SD) 8 (10) 8 (9) 0.9

Days on CPAP, mean (SD) 28 (14) 31 (19) 0.6

Days on O2 supplement, mean (SD) 51 (37) 57 (42) 0.4

Moderate/severe BPD, n 28% 45% 0.04

Prenatal steroid treatment, n 48% 60% 0.3

Postnatal steroid treatment, n 18% 25% 0.3

Surfactant, n 40% 52% 0.2

Cohort 1, born 1982–1985; cohort 2, born 1991–1992; cohort 3, born 1999–2020; BW, birthweight; GA, gestational age; IQR, interquartile range; CPAP, continuous positive airway

pressure; O2, oxygen; BPD, bronchopulmonary dysplasia (classified as moderate/severe BPD if need for supplemental O2 or CPAP at 36 weeks of gestation).
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of HbA1c were incomplete. However, the BMI was normal in
the 13 study participants with missing HbA1c (mean BMI was
21.8 kg/m2), indicating a low risk of metabolic syndrome in
these subjects.

In conclusion, the young adults born very preterm (<29
weeks of gestation) or with extremely low birthweight (<1,000 g)
had lower flow-mediated vasodilatation and reduced endothelial-
dependent dilatation capacity of the brachial artery compared
with term-born controls. Reduced FMD is suggestive of
vascular endothelial dysfunction, and well-established as an
early marker for development of atherosclerotic cardiovascular
disease. Our findings suggest that very preterm birth and
extremely low birthweight may be independent risk factors
for cardiovascular disease. We therefore recommend follow-
up programs for these children to extend into adulthood,
with special attention to reduce modifiable risk factors for
atherosclerotic cardiovascular disease, and increase awareness
of early symptoms of cardiovascular disease in adults born
very preterm.
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Abstract

Background Preterm birth and low birthweight have been associated with increased risk of heart failure and

cardiovascular disease in young adulthood. However, results from clinical studies of myocardial function are not

consistent. Echocardiographic strain analyses allow detection of early stages of cardiac dysfunction, and non-invasive 

estimates of myocardial work can provide additional information on cardiac function. We aimed to evaluate left

ventricular (LV) myocardial function including measures of myocardial work in young adults born very preterm

(gestational age < 29 weeks) or with extremely low birthweight (< 1000 g) (PB/ELBW), compared with term-born age-

and sex matched controls.

Methods 63 PB/ELBW and 64 controls born in Norway in the periods 1982–1985, 1991–1992, and 1999–2000 were 

examined with echocardiography. LV ejection fraction (EF) and LV global longitudinal strain (GLS) were measured.

Myocardial work was estimated from LV pressure-strain loops after determination of GLS and construction of a LV 

pressure curve. Diastolic function was evaluated by determination of the presence or absence of elevated LV filling

pressure, including measures of left atrial longitudinal strain.

Results The PB/ELBW with mean birthweight 945 (standard deviation (SD) 217) grams, mean gestational age 27 (SD

2) weeks, and mean age 27 (SD 6) years had LV systolic function mainly within normal range. Only 6% had EF < 50% or 

impaired GLS >-16%, but 22% had borderline impaired GLS between − 16% and − 18%. Mean GLS in PB/ELBW (-19.4% 

(95% confidence interval (CI) -20.0, -18.9)) was impaired compared to controls (-20.6% (95% CI -21.1, -20.1)), p = 0.003. 

Lower birthweight was associated to more impaired GLS (Pearson correlation coefficient − 0.2). Means of EF, measures 

of diastolic function including left atrial reservoir strain, global constructive and wasted work, global work index and

global work efficiency was similar in PB/ELBW and controls.

Conclusion The young adults born very preterm or with extremely low birthweight had impaired LV-GLS compared

to controls, although systolic function mainly within normal range. Lower birthweight was associated with more

Myocardial function including estimates
of myocardial work in young adults born very
preterm or with extremely low birthweight -
a cohort study
Britt Engan1,2*, Tom R. Omdal2, Gottfried Greve1,2, Maria Vollsaeter1,3 and Elisabeth Leirgul2
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Background

Due to improvement in neonatal intensive care over 

the last decades neonates born extremely preterm 

(< 28 weeks of gestation) now have survival rates > 80% 

[1–3], thus representing approximately 0.5% of all chil-

dren growing up in Norway [4]. Preterm birth and low 

birthweight are associated with increased prevalence of 

cardiovascular risk factors [5] and a higher risk of car-

diovascular disease, all-cause mortality, and young adult 

death [2, 6–11]. Gestational age (GA) and birthweight 

(BW) are found to be inversely associated with increased 

risk of cardiovascular disease and all-cause mortality [2, 

11], but an increased risk has been described even in 

individuals born only moderate to late preterm (32–37 

weeks of gestation) [2, 11].

Large register-based studies have found increased risk 

of heart failure in adolescents and young adults born pre-

term [8, 12], but clinical studies of myocardial function 

measured by echocardiography or cardiac magnetic reso-

nance imaging have reported diverging results. Several 

studies have reported mainly preserved left ventricle (LV) 

ejection fraction (EF), but impaired LV myocardial strain, 

diastolic function and myocardial response to physical 

stress [13–17]. However, LV myocardial strain patterns 

have also been described as normal or even hypercon-

tractile [18].

Traditionally, definitions of, and guidelines regarding 

management of heart failure have been based on mea-

sures of EF. In later years, echocardiographic speckle-

tracking derived strain analysis has allowed detection 

of subclinical early stages of LV dysfunction, and its 

role in risk stratification is increasing [19]. Additionally, 

although not yet much used in clinical practice, analyses 

of non-invasively measured LV myocardial work (MW) 

to describe myocardial function have been introduced as 

an advancement of LV strain analyses, due to reduction 

of the strain analysis` load dependent limitations [20, 21]. 

These measures strongly correlate to invasively measured 

MW [22, 23]. New parameters describing diastolic myo-

cardial function have also been introduced. Analysis of 

left atrial (LA) reservoir function measured by LA peak 

longitudinal strain has been reported to detect increased 

LV filling pressure and LV diastolic dysfunction at an ear-

lier point than traditional echocardiographic diastolic 

parameters [24, 25] like mitral inflow and annular tissue 

velocities and LA volumes. Measures of LA reservoir 

function is reported to be of clinical and prognostic rel-

evance especially concerning heart failure with preserved 

EF [26]. To our knowledge MW and LA strain have not 

yet been investigated in preterm born children or young 

adults.

We had the opportunity to investigate myocardial func-

tion in a cohort of young adults born very preterm or 

with extremely low birthweight, who have been followed 

since birth by the Project Extreme Prematurity in Ber-

gen, Norway. The aim of this study was to investigate the 

impact of preterm birth and low birthweight on left ven-

tricular myocardial function at young adult age, by add-

ing new echocardiographic parameters such as MW and 

LA longitudinal strain to measures of LV EF, LV longitu-

dinal strain and traditional echocardiographic measured 

markers of diastolic function.

Materials and methods

Study design and participants

The Project Extreme Prematurity, organized by the West-

Paed Research group in Bergen, Norway, has included 

three regional cohorts of in total 153 young adults born 

very preterm or with extremely low BW (PB/ELBW), and 

in total 139 individually age and sex matched term-born 

controls. Inclusion criteria were birth at GA < 29 weeks or 

extremely low BW < 1000 g. Subjects born in 1982–1985 

(cohort 1) and in 1991–1992 (cohort 2) were retrospec-

tively recruited, while those born in 1999–2000 (cohort 

3) were prospectively recruited. The inclusion and longi-

tudinal follow-up of these cohorts have been described in 

detail previously [27, 28]. In total 6 individuals were lost 

to follow-up; 1 control and 2 PB/ELBW because of death 

and 3 PB/ELBW due to severe disability.

During the period 2017–2020 the participants were 

invited to a third follow-up, including a first-time echo-

cardiographic examination. A total of 127 participants 

were examined, including 63  PB/ELBW subjects (43% 

men) and 64 controls (44% men) (See flow chart of study 

participation in Additional file 1). Of the participants, 49 

belonged to cohort 1, 37 to cohort 2, and 41 to cohort 3.

The Regional Committee for Medical and Health 

Research Ethics of the Western Norway Health Authority 

approved the study (REC 2017/0068). Written informed 

consent was obtained from all participants.

Echocardiographic assessment

All echocardiographic examinations were performed on 

a Vivid E9 ultrasound system (GE Healthcare, Horten, 

Norway) using a 5Sc (1.5–4.6 MHz) or equivalent 4Vc-D 

(1.4–5.2  MHz) transducer for all imaging. All images 

were saved as three consecutive cardiac cycles during 

sinus rhythm, on external hard drives allowing offline 

impaired LV-GLS. These findings could indicate an elevated lifetime risk of developing heart failure in preterm born 

individuals. Measures of diastolic function and myocardial work were similar compared to controls.

Keywords Speckle-tracking echocardiography, Myocardial work, Very preterm, Extremely low birthweight
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analyses using the echocardiographic software, EchoPAC 

version 204 (GE Healthcare, Horten, Norway). All partic-

ipants underwent a comprehensive functional echocar-

diographic examination, which included grayscale images 

optimized for 2-dimensional (2D) speckle analysis. The 

images were analysed according to recommendations 

from the European and American Society of Echocar-

diography [29–31] and as proposed by Russel et al. [23] 

regarding analyses of MW.

LV EF was calculated using the modified Simpson 

biplane technique and from long-axis 2-dimentional (2D) 

measurements using the Teicholz formula. LV wall thick-

ness, LV internal diameter and myocardial mass index 

(calculated using the Devereux formula and indexed to 

body surface area (BSA)) were calculated using long-axis 

end-diastolic 2D measurements. Diastolic function was 

evaluated as recommended by determination of the pres-

ence or absence of elevated LV filling pressure [31], and 

was measured by pulse waved Doppler (early/late mitral 

inflow velocity (E/A)), continuous wave Doppler (tricus-

pid valve regurgitation jet peak gradient), tissue Doppler 

(mitral septal and lateral annular early diastolic velocity 

(e´) and E/e´), and measures of LA end-systolic volume 

in four chamber view indexed by BSA.

Gray scale images for 2D speckle-tracking analysis 

were acquired at frame rate (frames/second) to heart 

rate (beats/minute) ratio 0.7–0.9. Longitudinal strain 

curves from one ventricular cycle from standard apical 

four, three and two chamber view images, analysed for 18 

subsegments, were used for LV longitudinal strain assess-

ment. For LA longitudinal strain assessment, we used 

longitudinal strain curves from one atrial cycle from api-

cal four chamber view images, with zero reference point 

set at the start of the ECG R-wave.

Speckle-tracking of the LV and the LA were per-

formed using automated function imaging (AFI). Visual 

inspection ensured that the region of interest (ROI) 

included the whole of the myocardium from the atrio-

ventricular valve annulus to the LV apex or LA roof and 

from the endocardial border to the epicardial border. If 

the automatic tracking was not satisfactory, the ROI was 

adjusted manually until the best possible tracking was 

obtained. LV tracking compromised by artefacts/shad-

ows or image acquisitions with less than five of six appro-

priately tracked segments per apical view were excluded. 

Peak systolic longitudinal strain was measured at aortic 

valve closure for LV measures and at end-systole for LA 

measures. MW was calculated by the EchoPAC software 

after determination of LV peak systolic global longitudi-

nal strain (LV-GLS) and construction of a LV pressure 

curve. The LV pressure curve was derived from non-

invasive brachial blood pressure (BP) measures and the 

timing of the cardiac cycles` isovolumetric and ejection 

phases, which were defined by opening and closure of 

the mitral valve. The area of the LV pressure–strain loop 

represents MW. Since work by definition equals force 

times length, the use of pressure and strain does not pro-

vide a direct measure of work, but can be used as a valid 

approximation of it as the method is found to strongly 

correlate to invasively measured MW [22, 23]. Global 

MW obtained from LV-GLS with less than 17 LV seg-

ments, due to suboptimal tracking or image quality, were 

excluded. The timing of the aortic and mitral valve open-

ing and closure was decided using continuous-waved 

and pulse-waved Doppler, respectively, and confirmed by 

visualizing the opening and closure of the valves from the 

LV three chamber apical view.

In this paper, LV-GLS describes the average peak sys-

tolic longitudinal strain from all three left ventricular 

apical views, and LV-4 C-LS is used to describe the peak 

systolic LV longitudinal strain from the apical four cham-

ber view (Fig. 1).

Fig. 1 Left ventricle peak longitudinal strain measures generated from apical 4-chamber view image

�
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LA reservoir, conduit, and contractile strain generated 

from LA longitudinal strain analyses from the apical four 

chamber view images are used to describe LA reservoir 

function during LV systole, conduit function during early 

diastole, and booster pump function during late diastole 

(Fig.  2). All longitudinal strain values are described as 

negative percentages, as they describe myocardial short-

ening of segments relative to original length, except LA-

reservoir and conduit strain which represent myocardial 

lengthening relative to original length and therefore are 

described as positive percentages.

Myocardial global constructive work (GCW), which 

contributes to ejection, is used to describe the mean net 

effect resulting from positive LV work (shortening) dur-

ing systole plus negative LV work (lengthening) during 

isovolumetric relaxation in all 18 LV segments. Myo-

cardial global wasted work (GWW), which does not 

contribute to ejection, is used to describe the mean net 

effect resulting from negative LV work during systole 

plus positive LV work during isovolumetric relaxation 

in all 18 LV segments. Global work index (GWI) is used 

to describe total performed LV work from the opening 

to the closure of the mitral valve, and global work effi-

ciency (GWE) is used to describe global constructive 

work relative to the total of global constructive and waste 

work (GWE = GCW/(GCW + GWW)). MW values are 

described as pressure percentages (mmHg%) as they are 

derived from LV pressure-strain loop analysis (Fig. 3).

EF Simpson and EF Teicholz ≥ 50% were considered 

normal and EF < 50% considered reduced. LV-GLS >-16% 

was considered abnormal, -16% to -18% borderline nor-

mal, and <-18% normal [32, 33]. Abnormal values of con-

ventional LV diastolic parameters were defined as septal 

or lateral e´ <0.07 m/s or < 0.10 m/s, respectively, average 

E/e´ ratio > 14 (using the average of septal and lateral e´), 

peak tricuspid valve regurgitation jet velocity peak gradi-

ent > 30 mmHg, and LA volume index > 34 ml/m2 /s [34].

Mean reference values of measures of MW are former 

described in the NORRE study as GWI 1896 mmHg%, 

Fig. 2 Left atrial reservoir, conduit, and contractile function measured by left atrial longitudinal strain in an apical 4-chamber view image

�
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GCW 2232 mmHg%, GWW 78.5 mmHg% and GWE 

96% [21, 35].

Mean reference values of LA strain are previously 

described as 39% for reservoir strain, 23% for conduit 

strain, and − 17% for contractile stain based on findings 

in a meta- analysis which included both ECG p-wave 

(P-P gated) or QRS complex (R-R gating) as initiation of 

LA stain calculations [36].

All imaging and analyses were performed by a single 

experienced cardiologist (B.E). A random sample of 10 

study participants were obtained for inter- and intra-

rater analyses. Another experienced cardiologist (T.O) 

performed the re-analysis for inter-rater reliability. Both 

were blinded to group affiliation (PB/ELBW or control) 

and to the original results during re-analyses.

Inter-rater reliability measured by a 2-way mixed-effect 

model for absolute agreement was 0.8 (95% confidence 

interval (CI) 0.04, 0.9) for EF Teich, 0.9 (95% CI 0.5, 1.0) 

for LV-GLS, 0.8 (95% CI 0.0, 1.0) for GWI, and 0.8 (95% 

CI 0.1, 0.9) for LA reservoir strain. Intra-rater reliability 

measured by a 2-way mixed-effect model for absolute 

agreement was 0.8 (95% CI 0.2, 0.9) for EF Teicholz, 0.8 

(95% CI 0.3, 1.0) for LV-GLS, 1.0 (95% CI 0.8, 1.0) for 

GWI, and 0.9 (95% CI 0.6, 1.0) for LA reservoir strain.

Blood pressure

BP was calculated as the average of three measurements 

with an automated oscillometric device (Biolight BLT V6, 

Biolight Meditech Company, Guangdong, China) at rest 

in supine position.

Statistical analysis

Descriptive variables are presented as numbers (%) and 

outcome data as means with 95% CI or standard devia-

tion (SD). The Kolmogorov- Smirnov test was used to 

test the normality of the outcome variables, and indepen-

dent samples t-test (with equal variance not assumed) or 

two samples Kolmogorov-Smirnov test was applied for 

comparison between groups, as appropriate. For compar-

ison of descriptive data Chi-square test or Fisher`s exact 

test was applied, as appropriate.

Fig. 3 Myocardial work (MW) was calculated using EchoPAC version 204 (GE Healthcare) after determination of left ventricle (LV) peak global longitudi-

nal strain and construction of a LV pressure curve. The LV pressure curve was derived from non-invasively measured brachial pressure and timing of the 

cardiac cycles` isovolumetric and ejection phase defined by mitral valve opening and closure. The area of the LV pressure–strain loop was defined as MW

 AVC: aortic valve closure, AVO aortic valve opening, MVO: mitral valve opening, MVC: mitral valve closure

�
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Linear regression analyses were used to identify con-

founders. Analyses of covariance (ANCOVA) was used 

for comparison between PB/ELBW and controls for 

height, weight, and BSA (according to Du Bois formula) 

adjusted for sex, for LV longitudinal strain adjusted for 

BSA and echocardiography transducer difference, and 

for EF, LA volume index, LA strain, and MW parameters 

adjusted for transducer difference.

Re-analyses were done excluding outliers, but this did 

not significantly affect the results.

To investigate whether the difference in echocardio-

graphic measures between PB/ELBW and controls dif-

fered by sex, an interaction term for sex and group 

affiliation was added.

Comparisons of descriptive variables and outcome data 

between subgroups of study participants were done by 

Chi-square test or Fisher`s exact test, Welch´s ANOVA 

or classic one-way ANOVA (with Games-Howell and 

Tukey`s test used for post hoc analyses, respectively), 

or by multiple comparison analyses (with Sidak correc-

tion) with the same adjustments as described above, as 

appropriate.

Pearson correlation coefficient (PCC) was used to 

explore associations between echocardiographic mea-

sured myocardial function and descriptive variables. GA 

was set to 40 weeks in controls when correlations regard-

ing GA was made.

Inter- and intra-rater reliability were measured by a 

2-way mixed-effect model for absolute agreement.

All tests were two-sided, and p < 0.05 was considered 

statistically significant. All statistical analyses were per-

formed using SPSS version 26.0 (IBM Corp., Armonk, 

NY, USA).

Results

The participants consisted of 63 PB/ELBW subjects and 

64 age- and sex matches controls. The PB/ELBW group 

had significantly lower height and weight, with conse-

quently lower BSA, compared to the control group. There 

was no significant difference for mean age, body mass 

index, BP, or smoking status between the groups. The 

age range was 18–37 years in both the PB/ELBW and the 

control group. BW in the PB/ELBW group ranged from 

450 to 1480  g with mean BW 945 (SD 217) grams. GA 

ranged from 23 to 34 weeks with mean GA 27 (SD 2) 

weeks (Table 1). None of the study participants had his-

tory of cardiovascular disease.

EF, mitral inflow velocities, and annular tissue veloci-

ties were measured in most of the participants (Table 2). 

Estimation of tricuspid valve regurgitation peak gradient 

was dependent on the presence of a tricuspid valve regur-

gitation jet and measurable only in 37  PB/ELBW and 

41 controls. Measures of LA strain, MW, and LV strain 

were limited by image quality and compromised speckle-

tracking, and lack of adequately measured BP. LV-4 C-LS 

was assessed in 61  PB/ELBW and 60 controls, LV-GLS 

in 50  PB/ELBW and 53 controls, MW in 49  PB/ELBW 

and 51 controls, and LA strain in 55  PB/ELBW and 55 

controls.

Systolic LV function

Mean EF Simpson and EF Teicholz were similar in PB/

ELBW and controls, but LV-GLS were significantly 

impaired in PB/ELBW compared to controls − 19.4% 

(95% CI -20.0, -18.9) versus − 20.6% (95% CI -21.1, -20.1) 

(p = 0.003) (Table  2; Fig.  4). The difference in LV-GLS 

between PB/ELBW and controls was not significantly 

Table 1 Characteristics of study participants

PB/ELBW Controls p

Total, n (% males)

Cohort 1 (born 1982–1985), n (%)

Cohort 2 (born 1991–1992), n (%)

Cohort 3 (born 1999–2000), n (%)

63 (43%)

23 (37%)

19 (30%)

21 (33%)

64 (44%)

26 (41%)

18 (28%)

20 (31%)

GA (weeks), mean (SD) 27 (2) Term-born

Birthweight (grams), mean (SD) 945 (217) 3527 (324) < 0.001a

Small for gestational age, n (%) 16 (25%)

Extremely preterm GA < 28 weeks, 

n (%)

39 (62%)

Extremely low birth-

weight < 1000 g, n (%)

37 (59%)

Moderate/severe BPD, n (%) 21 (33%)

Days on ventilator, mean (SD) 8 (9)

Days on CPAP, mean (SD) 33 (14)

Days on O2-supplement, mean 

(SD)

52 (35)

Pre-natal steroid treatment, n (%) 35 (55%)

Post-natal steroid treatment, n (%) 14 (22%)

Surfactant, n (%) 28 (44%)

Age (years), mean (SD) 27 (6) 28 (7) 0.95b

Height (cm), mean (95% CI) 168 (167, 

170)

174 (172, 

175)

< 0.001c

Weight (kg), mean (95% CI) 68 (64, 72) 75 (71, 79) 0.01c

Smokers, n (%) 4 (6%) 4 (6%) 1.00b

BMI (kg/m2), mean (SD)

BSA (m2), mean (95% CI)

24.0 (4.1)

1.8 (1.7, 1.8)

24.9 (6.0)

1.9 (1.8, 

1.9)

0.75b

< 0.001c

Systolic BP (mmHg), mean (SD) 113 (12) 112 (10) 0.87b

Diastolic BP (mmHg), mean (SD) 71 (8) 70 (8) 0.98b

Heartrate (beats /minute), mean 

(SD)

69 (14) 65 (11) 0.13a

a = independent samples t test (with equal variance not assumed)

b= non−parametric two sample Kolmogorov− Smirnov test

c= ANCOVA adjusted for sex

PB/ELBW: very preterm born/ with extremely low birthweight, SD: standard 
deviation, GA: gestational age, BPD: bronchopulmonary dysplasia (classified 
as moderate/severe BPD if need of supplementary oxygen or CPAP at 36 
weeks of gestation), CPAP: continuous positive airway pressure; O2: oxygen, 
CI: confidence interval, BMI: body mass index, BSA: body surface area (Du Bois 
formula), BP: blood pressure, ANCOVA: analysis of covariance
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greater in the male participants versus the female partici-

pants (1.1% (95% CI -0.3, 2.5) (p = 0.12)).

Lower BW, but not GA was significantly associated 

with more impaired LV-GLS (PCC − 0.2 with p = 0.02).

Among the PB/ELBW, 4 had reduced EF Simpson, 11 

had borderline impaired LV-GLS, and 3 had impaired 

LV-GLS. Among the controls one had reduced EF Simp-

son, 6 had borderline impaired LV-GLS, and none had 

impaired LV-GLS.

Diastolic LV function

Parameters of LV diastolic function were mainly normal 

and similar in the PB/ELBW and controls. Of the PB/

ELBW, 2 had abnormally low septal e´ velocity, 3 had 

abnormally low lateral e´ velocity, none had abnormally 

high average E/e´, 1 had abnormally high tricuspid-valve 

regurgitation peak gradient, and none had abnormally 

high LA volume index.

Of the controls, 2 had abnormally low lateral e´ 

velocity, and 3 had abnormally high LA volume index, 

otherwise the parameters were normal. None of the par-

ticipants had more than one abnormal parameter associ-

ated with diastolic dysfunction.

The mean LA reservoir strain, conduit strain, and con-

tractile strain were similar in PB/ELBW and controls 

(Table  2; Fig.  5). Lower LA conduit strain, higher aver-

age E/e´, lower mitral septal e`, and lower mitral lateral 

e` were associated to increased chronological age (PCC 

− 0.2 with p = 0.02, PCC 0.3 with p = 0.001, PCC − 0.5 with 

p = < 0.01, and PCC − 0.2 with p = 0.01, respectively), but 

not associated with BW or GA.

LA reservoir strain, conduit strain, and contractile 

strain were also similar in PB/ELBW and controls when 

re-analysed while using atrial cycle with zero reference 

point set at the start of the ECG p-wave.

Myocardial work MW was calculated after determina-

tion of LV-GLS and BP in 49 PB/ELBW and 51 controls. 

Mean LV-GLS was significantly impaired and mean BP 

was similar in these PB/ELBW compared to these con-

trols. Mean LV-GLS was − 19.4% (95% CI -20.0, -18.9) 

in PB/ELBW and − 20.6 (95% CI -21.1, -20.1) (p = 0.003) 

in the controls. Mean BP was 112/69 mmHg (SD 11/7) 

in PB/ELBW and 111/69 mmHg (SD 11/8) in con-

trols (p = 0.9 and 1.0). One control had systolic BP > 140 

mmHg, otherwise BP were below 140/90 mmHg in all 

participants.

MW is influenced by the contraction power of the 

myocardial fibres, the LV loading conditions, and the 

wall stress applied on the LV segments [37]. LV dimen-

sion must be taken into consideration since calculation of 

work would be relatively underestimated in dilated ven-

tricles due to higher wall stress at any given LV pressure 

than in smaller ventricles [38]. The PB/ELBW and con-

trols had seemingly similar loading conditions and wall 

Table 2 Echocardiographic measures of systolic and diastolic 

myocardial function in PB/ELBW compared to controls

PB/ELBW Controls P

n n

EF Teicholz (%), mean 

(95% CI)

63 61 (59, 62) 64 62 (61, 64) 0.18a

EF Simpson (%), mean 

(95% CI)

63 59 (58, 61) 64 61 (59, 62) 0.32a

LV-4 C-LS (%), mean (95% 

CI)

61 -18.7 

(-19.2, 

-18.2)

60 -19.9 (-20.5, 

-19.4)

0.002a

LV-GLS (%), mean (95% CI) 50 -19.4 

(-20.0, 

-18.9)

53 -20.6 (-21.1, 

-20.1)

0.003a

GCW (mmHg%), mean 

(95% CI)

49 1982 

(1901, 

2063)

51 2074 (1995, 

2153)

0.11a

GWW (mmHg%), mean 

(95% CI)

49 100 (78, 

121)

51 92 (71, 113) 0.61a

GWI (mmHg%), mean 

(95% CI)

49 1749 

(1666, 

1832)

51 1853 (1772, 

1934)

0.08a

GWE (%), mean (95% CI) 49 95 (93, 96) 51 95 (93, 96) 0.85a

IVSDd (cm), mean (95% CI) 63 0.9 (0.8, 

0.9)

64 0.9 (0.9, 0.9) 0.08b

PWDd (cm), mean 95% CI) 63 0.8 (0.8, 

0.8)

64 0.8 (0.8, 0.9) 1.00b

LVDd (cm), mean (95% CI) 63 4.6 (4.5, 

4.7)

64 4.8 (4.7, 4.9) 0.08b

Indexed LV mass (g/m2),

mean (95% CI)

63 69 (65, 73) 64 75 (70, 79) 0.08c

Mitral septal e´(m/s),

mean (95% CI)

61 0.12 (0.11, 

0.12)

63 0.12 (0.11, 

0.13)

0.99b

Mitral lateral e´ (m/s),

mean (95% CI)

62 0.15 (0.14, 

0.16)

64 0.16 (0.13, 

0.20)

0.96b

Average mitral E/e´ratio,

mean (95% CI)

61 5.5 (5.3, 

5.7)

61 5.4 (5.1, 5.8) 0.82b

Mitral E/A-ratio,

mean (95% CI)

63 1.5 (1.4, 

1.6)

61 1.5 (1.4, 1.6) 0.83b

TR peak gradient 

(mmHg),

mean (95% CI)

37 18 (16, 20) 41 16 (15,18) 0.96b

LA contraction strain (%),

mean (95% CI)

55 -10.5 

(-11.5, -9.4)

55 -11.5 (-12.5, 

-10.3)

0.22a

LA conduit strain (%),

mean (95% CI)

55 27.5 (25.5, 

29.5)

55 28.6 (26.6, 

30.6)

0.43a

LA reservoir strain (%),

mean (95% CI)

55 38.1 (35.7, 

40.5)

55 39.7 (37.4, 

42.1)

0.34a

LA volume (ml/m2),

mean (95% CI)

55 21 (19, 22) 55 21 (19, 22) 0.93a

a = ANCOVA adjusted for BSA and transducer difference as appropriate

b= non−parametric two sample Kolmogorov− Smirnov test

c = independent samples t test (with equal variance not assumed)

PB/ELBW: very premature born (< 29 weeks of gestation) or with extremely 
low birthweight (< 1000 g), EF: ejection fraction, CI: confidence interval, LV: left 
ventricle, 4 C-LS: 4-chamber longitudinal strain, GLS: global longitudinal strain, 
GCW: global constructive work, GWW: global wasted work, GWI: global work 
index, GWE: global work efficiency, IVSDd: intraventricular septum diameter 
measured in diastole, PWDd: posterior wall diameter measured in diastole, 
LVDd: left ventricular internal diameter measured in diastole, TR: tricuspid 
regurgitation, LA: left atrium, ANCOVA: analysis of covariance
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stress due to similar means of parameters describing dia-

stolic function and LV filling pressure, BP, heart rate, LV 

dimension measured by end-diastole internal diameter, 

and myocardial mass index (Tables 1 and 2).

The MW described as means of GWI, GCW, GWW, 

and GWE were not significantly different in PB/ELBW 

and controls, and the measures were close to former 

described reference values [21]. However, there was a 

trend towards lower GWI and GCW and higher GWW 

in PB/ELBW compared to controls (Table 2; Fig. 6).

GWI, GCW, GWW, and GWE were not significantly 

associated to BW or GA.

Participant characteristics and echocardiographic find-

ings across the three cohorts of PB/ELBW are described 

in a table in Additional file 2. There were no differences 

between the cohorts regarding measures of left ventricu-

lar systolic and diastolic function, including measures of 

MW. Additionally, there was no significant associations 

between treatment in the prenatal and neonatal period 

(days of oxygen supplement, days of ventilation support, 

use of surfactant, or steroid treatment) and measures of 

myocardial function.

Discussion

In 63 young adults born very preterm or with extremely 

low BW, we found impaired LV-GLS compared to sex-

and age matched controls, but mainly normal systolic 

function including estimates of MW. Diastolic function 

including measures of LA longitudinal strain was pre-

served. Lower BW was associated with more impaired 

LV-GLS and increasing chronological age was associated 

with decreasing diastolic function.

Our finding of similar EF in young adults born preterm 

or with low BW compared to controls, but reduced LV 

function measured by longitudinal strain, are similar to 

studies by Huckstep et al. [13] and Lewandowski et al.[14, 

15]. However, Goss et al. [18] reported hypercontrac-

tile LV function measured by longitudinal strain in 38 

young adults at mean age 25 years, born at mean GA 29 

weeks. While the studies by Huckstep and Levandowski 

contained preterm born participants with significantly 

higher systolic BP and/or higher myocardial mass [13–

15], the preterm participants in the study by Goss had 

lower myocardial mass and similar systolic BP compared 

to their controls [18]. This may contribute to the differ-

ence in result since the study participants otherwise were 

seemingly similar. Increased LV mass has independently 

been associated with more impaired LV-GLS in other 

groups, such as patients with aortic stenosis [39, 40] and 

athletes [41, 42]. Additionally, strain measurements are 

known to be afterload dependent with more impaired 

longitudinal strain with higher BP [32, 38]. Low BW has 

been classified by the World Health Organization [43] as 

a risk factor for cardiovascular disease. This corresponds 

Fig. 4 Left ventricular myocardial function measured by peak global longitudinal strain (GLS) was significantly reduced in young adults born very pre-

mature or with extremely low birthweight (PB/ELBW) compared to controls. Mean GLS was − 19.4% (95% confidence interval (CI) -20.0, -18.9) in PB/ELBW 

and − 20.6% (95% CI -21.1, − 20.1) in controls (p = 0.003)

�
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well to our finding of lower BW being associated to more 

impaired LV-GLS. Although morbidity and all-cause 

mortality of young adults (15- <50 years) born preterm 

are reported higher in men compared to women [2], the 

difference in LV-GLS between PB/ELBW and controls in 

our study did not differ significantly between sexes.

Similar to our study, Goss et al. [18] reported preserved 

diastolic function in preterm born young adults. How-

ever, several previous studies have found reduced dia-

stolic function in this group. A meta-analysis from Telles 

et al. [44] and a study by Lewandowski et al.[15] reported 

an overall lower LV diastolic function in preterm born 

children and young adulthood as well as indications of 

increased diffuse myocardial fibrosis. Recently, analy-

sis of LA reservoir strain has been reported to detect 

increased LV filling pressure and LV diastolic dysfunc-

tion at an earlier point than other echocardiographic 

measures [24, 25]. We found no significant difference 

between mean LA reservoir strain in PB/ELBW and con-

trols, and a mean LA reservoir strain in PB/ELBW of 

38.1% which is close to a formerly described mean refer-

ence value (39%) in healthy subjects [36]. These findings 

support a normal diastolic function in our preterm born 

young adults. Diverging results between studies may 

reflect the complex interplay of altered cardiac structure 

and loading conditions on measures of diastolic function. 

Aging is associated with reduced LV relaxation, which 

may lead to diastolic dysfunction [31]. This corresponds 

well with our finding of a significant association between 

increased chronological age and lower diastolic function 

measured by LA conduit strain, E/e´, and mitral septal 

and lateral e´.

To add further information on myocardial function 

we estimated MW non-invasively. In subjects with car-

diac remodelling and elements of myocardial fibrosis, 

which has been reported in preterm born young adults 

[15, 44], we might expect reduced myocardial function 

with time which can be expressed by decreased GWI and 

GCW, and increased GWW. Similar to reported findings 

in subjects with hypertrophic cardiomyopathy [45, 46], 

we found a trend towards reduced GWI and GCW, and 

higher GWW, in the PB/ELBW group compared to the 

controls, although not significantly different.

The additive value of these new parameters describ-

ing myocardial function over the traditional ones is still 

object of study, and further studies are needed to estab-

lish clinical utility and prognostic impact. Estimation 

of MW could add information to distinguish whether 

reduced contraction patterns are caused by newly 

emerged hypertension or attenuated contractility, since 

Fig. 5 Left atrial reservoir function measured by peak longitudinal strain was similar in young adults born very preterm or with extremely low birthweight 

(PB/ELBW) and controls. Mean left atrial reservoir strain was 38.1% (95% confidence interval (CI) 35.7, 40.5) in PB/ELBW and 39.7% (95% CI 37.4, 42.1) in 

controls (p = 0.3)

�
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the increased afterload will reduce EF and LV-GLS, but 

increase GWI and GCW [38]. This may be especially 

important in preterm born adults, who have increased 

prevalence of hypertension [47].

Our study population consisted of three cohorts born 

in different decades (early 1980s to 2000), in a period 

with significant changes in the neonatal medical treat-

ment. There was no difference in parameters of left ven-

tricle myocardial function across the cohorts. However, 

the study samples within the cohorts of the preterm born 

were too small to reveal minor group differences regard-

ing myocardial function.

There has been an increasing use of prenatal corticoste-

roids and assisted ventilation during the period, and the 

use of surfactant was introduced in the early 1990s. Addi-

tionally, the techniques have improved, from assisted 

ventilation mainly by intermittent or continuous posi-

tive pressure ventilation via an endotracheal tube in the 

early period to increasing use of nasal continuous airway 

pressure and high frequency oscillatory ventilation dur-

ing the 1990s [48]. The PB/ELBW participants born in 

1999–2000 (cohort 3) had significantly lower mean birth-

weight compared to those born in 1982–1985 (cohort 1) 

which may indicate increasing survival of the most vul-

nerable neonates. While the lower mean birthweight in 

the youngest cohort compared to the oldest cohort (857 g 

versus 1014 g) could have led to a decreased left ventricu-

lar myocardial function in this subgroup, the possible 

improvement in neonatal intensive care treatment the 

last decades, and the younger age at the time of assess-

ment, could have the opposite influence on myocardial 

function in the younger cohorts. To further investigate 

this, we correlated measures of myocardial function to 

the treatment in the prenatal and neonatal period (days 

of oxygen supplement, days of ventilation support, use of 

surfactant, or steroid treatment), and found no significant 

associations. Additionally, the measures of myocardial 

function were similar in the PB/ELBW with moderate to 

severe bronchopulmonary dysplasia (n = 33) compared 

to the participants without this diagnosis, and in the PB/

ELBW with extremely low BW (n = 37) or extremely pre-

term birth (n = 39) compared to the remaining PB/ELBW.

Strengths and limitations

This study is part of a long-term cohort study follow-

ing individuals born PB/ELBW and individually age 

and sex matched term-born controls. The study design, 

and similarity of the PB/ELBW and control group at the 

time of the assessment reduces the risk of confounding. 

To diminish procedure related variance the echocardio-

graphic imaging and off-line analyses were performed 

by one highly trained sonographer using the same 

Fig. 6 Myocardial performance measured by global work index (GWI) generated from left ventricle pressure-strain loops was similar in young adults born 

very preterm or with extremely low birthweight (PB/ELBW) and controls. Mean GWI was 1749 mmHg% (95% confidence interval (CI) 1666, 1832) in PB/

ELBW and 1853 mmHg% (95% CI 1772, 1934) in controls (p = 0.08)

�
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ultrasound system and echocardiographic software. The 

calculated intra- and inter-rater variability were good to 

excellent [49].

There were limitations to the study. Only 42% of the eli-

gible PB/ELBW subjects were examined. Those who did 

not participate had similar GA, occurrence of moderate 

or severe bronchopulmonary dysplasia [50], and days of 

ventilatory support and oxygen demand, compared to 

those who did participate (Table 3). The non-participants 

had a slight and non-significant lower mean BW com-

pared to the participants (896 g versus 948 g, p = 0.1). A 

possible selection bias could therefore most likely have 

led to an underestimation of the difference in echocar-

diographic measures between PB/ELBW and controls 

since lower BW was associated with more impaired myo-

cardial function.

Only four chamber view images were used for analy-

ses of LA strain while reference values and guidelines 

are based on measures of two- and four chamber view 

images. The mean values for LA strain might therefore 

deviate from reference values, but would not affect the 

analysis of group difference between PB/ELBW and con-

trols. However, the mean LA peak longitudinal strain in 

our control group (39.7%) was similar to former reported 

reference values in healthy subjects (39%). Although R-R 

gated LA strain analysis is recommended in the guide-

lines and more frequently used, P-P gating has been 

found to correlate better to new-onset heart failure and 

to 3-dimentional echocardiographic-derived measures 

[51, 52]. LA strain was re-analysed using P-P gating with 

zero reference point set at the start of the ECG P-wave. 

As expected, this generated lower LA peak longitudinal 

strain values (reservoir strain) [36], but did not change 

the main result when mean LA strain values in PB/ELBW 

and control were compared.

LV-GLS, but not estimates of MW, were found 

impaired in PB/ELBW compared to controls. The study 

was not designed to prove the superiority of MW to LV-

GLS, and although analyses of MW have been considered 

an advancement of LV strain analyses due to reduction of 

the strain analysis` load dependent limitations [20, 21], 

the method cannot be considered load-independent, as it 

is derived from strain measurements. Larger scale studies 

are needed to establish the clinical utility and prognos-

tic impact of MW on cardiovascular outcome in preterm 

born young adults.

Conclusion

Young adults born very preterm (< 29 weeks of gestation) 

or with extremely low BW (< 1000  g) had impaired LV-

GLS compared to term-born controls, although mainly 

normal systolic function. Myocardial function measured 

by MW and diastolic function were preserved. Lower 

BW was associated with more impaired LV-GLS and 

increased chronological age was associated with decreas-

ing diastolic function. These findings could indicate an 

elevated risk in preterm born young adults of develop-

ing heart failure. Given the increasing survival rate of 

preterm born neonates it is of public health interest 

to generate prevention strategies to reduce modifiable 

risk factors and to implement long-term cardiovascular 

follow-up in this group. Further studies are needed to 

investigate the impact of preterm birth and low BW on 

myocardial function in young adulthood to optimize risk 

stratification.

Abbreviations

AFI  automated function imaging

ANCOVA  analyses of covariance

BP  blood pressure

BPD  bronchopulmonary dysplasia

BSA  body surface area

BW  birthweight

CL  confidence interval

CPAP  continuous positive airway pressure

EF  ejection fraction

GA  gestational age

GCW  global constructive work

GLS  global longitudinal strain

GWE  global work efficiency

GWI  global work index

GWW  global wasted work

LA  left atrial

LV  left ventricle

LV-4C-LS  left ventricle longitudinal strain from the apical four chamber 

view

MW  myocardial work

O2  oxygen

PCC  Pearson correlation coefficient

PB/ELBW  very preterm born or with extremely low birthweight

Table 3 Characteristics of participants and non-participants 

born very preterm or with extremely low birthweight

Par-

ticipants 

(n = 63)

Non-par-

ticipants 

(n = 85)

p

Male, n 27 (43%) 47 (55%)

Cohort 1 born 1982-85, n (%) 23 (37%) 26 (31%)

Cohort 2 born 1991-92, n (%) 19 (30%) 16 (19%)

Cohort 3 born 1999–2020, n (%) 21 (33%) 43 (51%)

BW, grams, mean (SD) 948 (216) 896 (179) 0.1a

GA, weeks, mean (SD) 27 (2) 27 (2) 1.0b

Days on ventilator, mean (SD) 8 (9) 8 (11) 0.4b

Days on CPAP, mean (SD) 33 (14) 29 (20) 0.3a

Days on O2-supplement, mean (SD) 52 (35) 57 (45) 0.4b

Maternal smoking, n (%) 21 (34%) 

(n = 62)

29 (37%) 

(n = 77)

1.0b

Moderat/severe BPD, n (%) 21 (33%) 37 (44%) 0.8b

Pre-natal steroid treatment, n (%) 35 (55%) 48 (56%) 1.0b

Post-natal steroid treatment, n (%) 14 (22%) 20 (24%) 1.0b

Surfactant, n (%) 28 (44%) 43 (50%) 1.0b

a= independent sample t test (with variance not assumed)
b= non−parametric two sample Kolmogorov− Smirnov test

BW: birthweight; SD: standard deviation; GA: gestational age; CPAP: continuous 
positive airway pressure; O2: oxygen; BPD: bronchopulmonary dysplasia
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ROI  region of interest

SD  standard deviation
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_WhbXRP[�cTbcb$�=TP[cWh�PVT#�P]S�bTg�\PcRWTS�bRW^^[\PcTb�fTaT�aTRadXcTS�Pb�R^]ca^[�_PacXRX_P]cb$��'&,�

>]�cWT�_aTbT]c�bdQ#bcdSh"�88Hb�Ua^\�cWT�_TSXPcaXR�RP]RTa�^dc_PcXT]c�R[X]XR�Pc�Db[^�J]XeTabXch�=^b_XcP[�'&-�
 Db[^"�C^afPh!�P]S�=PdZT[P]S�J]XeTabXch�=^b_XcP[� 7TaVT]"�C^afPh!�fTaT�X]eXcTS�c^�_PacXRX_PcT$�DU�'&.�
cWT�(&-�T[XVXQ[T�88Hb�Ua^\�cWT�E688H�bcdSh"�,,�STR[X]TS�cWT�X]eXcPcX^]�P]S�')�fXcWSaTf�PUcTa�'&/�
X]R[dbX^]$�C^�^]T�fPb�TgR[dSTS�SdT�c^�WTPac�UPX[daT"�PaaWhcW\XP"�^a�c^^�[^f�_WhbXRP[�RP_PRXch$�6�c^cP[�''&�
^U�'(.�88Hb�d]STafT]c�TRW^RPaSX^VaP_WXR�TgP\X]PcX^]"�P]S�'(,�d]STafT]c�RPaSX^_d[\^]Pah�'''�
TgTaRXbT�cTbc$�9dT�c^�RP_PRXch�RWP[[T]VTb�aTVPaSX]V�TRW^RPaSX^VaP_WXR�X\PVX]V�^][h�^]T�RT]cTa"�''(�
=PdZT[P]S�J]XeTabXch�=^b_XcP["�aTRadXcTS�R^]ca^[b"�P]S�+&�R^]ca^[b�fTaT�X]eXcTS$�IWT�_PacXRX_P]cb�'')�
fTaT�TgP\X]TS�X]�cWT�_TaX^S�Ua^\�;TQadPah�(&'/�c^�;TQadPah�(&('$�9dT�c^�cWT�^]V^X]V�8DK>9#'/�''*�
_P]ST\XR�fXcW�bTeTaP[�aTbcaXRcX^]b�aTVPaSX]V�caPeT[[X]V�P]S�T]caP]RT�c^�cWT�W^b_XcP[b"�P]S�UaT`dT]c�''+�
8DK>9#`dPaP]cX]T�X]�bRW^^[�RWX[SaT]"�^][h�()�R^]ca^[b�fTaT�X]R[dSTS$�� � � �����'',�
IWT�88Hb�WPS�QTT]�caTPcTS�U^a�\P]h�SXUUTaT]c�RP]RTa�U^a\b�P]S�fTaT�RPcTV^aXiTS�PRR^aSX]V�c^�cWT�''-�
X]cTa]PcX^]P[�R[PbbXUXRPcX^]�^U�RWX[SW^^S�RP]RTa"�cWXaS�TSXcX^]� >888)!� ((!$�IWT�Rd\d[PcXeT�S^bTb�^U�''.�
P]cWaPRhR[X]Tb�fTaT�RP[Rd[PcTS�Pb�T`dX_^cT]c�S^bTb�^U�S^g^adQXRX]� \V%\!!�PRR^aSX]V�c^�8WX[SaT]kb�''/�
D]R^[^Vh�<a^d_kb�[^]V#cTa\�U^[[^f#d_�VdXST[X]Tb�eTabX^]�+$&� ()!�P]S�;TXYT]�Tc�P[� (*!$� IPQ[T�'!$��'(&�
�'('�

�'((�
�'()�
�'(*�
IWT�bcdSh�fPb�R^]SdRcTS�X]�PRR^aSP]RT�fXcW�cWT�=T[bX]ZX�STR[PaPcX^]$� � � ��������������'(+�
IWT�GTVX^]P[�8^\\XccTT�U^a�BTSXRP[�P]S�=TP[cW�GTbTPaRW�:cWXRb�^U�cWT�H^dcW#:Pbc�C^afPh�=TP[cW�'(,�
6dcW^aXch�P__a^eTS�cWT�bcdSh� G:8�(&'.%-)/!$�LaXccT]�P]S�eTaQP[�X]U^a\PcX^]�fTaT�VXeT]�c^�cWT�'(-�
_PacXRX_P]cb�PSP_cTS�c^�cWTXa�PVT�P]S�STeT[^_\T]cP[�bcPVT$�LaXccT]�X]U^a\TS�R^]bT]c�fPb�^QcPX]TS�'(.�
Ua^\�P[[�_PacXRX_P]cb�P]S�cWTXa�_PaT]cb�^a�[TVP[�VdPaSXP]b$�'(/�
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:RW^RPaSX^VaP_WXR�PbbTbb\T]c� � � � � � � � ��������������')&�
6[[�TRW^RPaSX^VaP_WXR�TgP\X]PcX^]b�fTaT�_TaU^a\TS�fXcW�KXeXS�:/�d[caPb^d]S�bhbcT\� <:�')'�
=TP[cWRPaT"�=^acT]"�C^afPh!�dbX]V�P�*KR#9� '$*#+$(�B=i!�caP]bSdRTa�U^a�P[[�X\PVX]V�X]�7TaVT]�P]S�')(�
P]�T`dXeP[T]c�+HR� '$+#*$,�B=i!�caP]bSdRTa�U^a�P[[�X\PVX]V�X]�Db[^$�9PcP�fPb�bc^aTS�^]�TgcTa]P[�WPaS�'))�
SaXeTb�^a�9XVXcP[�KTabPcX[T�9XbRb�P[[^fX]V�^UU[X]T�P]P[hbTb�fXcW�cWT�TRW^RPaSX^VaP_WXR�b^UcfPaT"�')*�
:RW^E68�eTabX^]�(&*� <:�=TP[cWRPaT"�=^acT]"�C^afPh!$�IWT�_PacXRX_P]cb�fTaT�TgP\X]TS�Pc�aTbc�X]�')+�
bd_X]T�_^bXcX^]$�C^�bTSPcX^]�fPb�dbTS$�6[[�cWT�_PacXRX_P]cb�d]STafT]c�P�R^\_aTWT]bXeT�Ud]RcX^]P[�'),�
TRW^RPaSX^VaP_WXR�TgP\X]PcX^]�X]R[dSX]V�VaPhbRP[T�X\PVTb�^_cX\XiTS�U^a�(#SX\T]bX^]P[� (9!�b_TRZ[T�')-�
P]P[hbXb$�FdP]cXUXRPcX^]�^U�bhbc^[XR�[TUc�eT]caXRd[Pa� AK!�P]S�aXVWc�eT]caXRd[Pa� GK!�Ud]RcX^]�fPb�').�
_TaU^a\TS�U^[[^fX]V�cWT�aTR^\\T]SPcX^]b�Ua^\�cWT�:da^_TP]�P]S�6\TaXRP]�b^RXTcXTb�^U�')/�
TRW^RPaSX^VaP_Wh� (+"�(,!$��'*&�

AK#:;�fPb�RP[Rd[PcTS�Qh�cWT�\^SXUXTS�HX\_b^]�QX_[P]T�cTRW]X`dT$�<aPh�bRP[T�X\PVTb�U^a�(9�'*'�
b_TRZ[T#caPRZX]V�P]P[hbXb�fTaT�PR`dXaTS�Pc�UaP\T�aPcT� UaP\Tb%bTR^]S!�c^�WTPac�aPcT� QTPcb%\X]dcT!�'*(�
aPcX^�&$-#&$/$�A^]VXcdSX]P[�bcaPX]�RdaeTb�Ua^\�bcP]SPaS�P_XRP[�U^da"�cWaTT"�P]S�cf^�RWP\QTa�eXTf�'*)�
X\PVTb"�P]P[hiTS�U^a�'.�bdQ#bTV\T]cb"�fTaT�dbTS�U^a�AK�[^]VXcdSX]P[�bcaPX]�PbbTbb\T]cb$�'**�
A^]VXcdSX]P[�bcaPX]�RdaeTb�Ua^\�P�GK#U^RdbTS�U^da�RWP\QTa�eXTf�X\PVT"�P]P[hiTS�U^a�,�bdQ#'*+�
bTV\T]cb�X]R[dSX]V�cWT�X]cTaeT]caXRd[Pa�bT_cd\"�fTaT�dbTS�U^a�GK�[^]VXcdSX]P[�bcaPX]�PbbTbb\T]cb�'*,�
 UXVdaT�'!$�'*-�

�'*.�

6�bX]V[T�RPaSXPR�RhR[T�R^]bXSTaTS�c^�WPeT�cWT�\^bc�^_cX\P[�X\PVTb�fPb�bT[TRcTS�U^a�P]P[hbXb�^U�AK�'*/�
P]S�GK�(9�bcaPX]� (-"�(.!$�IWT�aTVX^]�^U�X]cTaTbc� GD>!�fPb�STUX]TS�Qh�\P]dP[�caPRX]V�P[^]V�cWT�'+&�
T]S^RPaSXP[�Q^aSTa�Ua^\�cWT�PcaX^eT]caXRd[Pa�eP[eT�P]]d[db�c^�cWT�P_Tg"�P]S�cWT�cWXRZ]Tbb�PSYdbcTS�c^�'+'�
R^eTa�cWT�\h^RPaSXd\�fXcW^dc�X]R[dSX]V�cWT�_TaXRPaSXd\$�IaPRZX]V�fPb�_TaU^a\TS�Pdc^\PcXRP[[h$�>U�'+(�
]TRTbbPah"�cWT�GD>�fPb�PSYdbcTS�\P]dP[[h"�d]cX[�cWT�QTbc�_^bbXQ[T�caPRZX]V�fPb�^QcPX]TS$�IaPRZX]V�'+)�
R^\_a^\XbTS�Qh�PacTUPRcb%bWPS^fb"�^a�X\PVT�PR`dXbXcX^]b�fXcW�\^aT�cWP]�^]T�UPd[ch�bTV\T]c�fTaT�'+*�
TgR[dSTS$�ETPZ�bhbc^[XR�bcaPX]�fPb�\TPbdaTS�Pc�P^acXR�eP[eT�R[^bdaT�U^a�AK�\TPbdaT\T]cb�P]S�Pc�'++�
_d[\^]Pah�eP[eT�R[^bdaT�U^a�GK�\TPbdaT\T]cb$�IWT�cX\X]V�^U�cWT�P^acXR�P]S�_d[\^]Pah�eP[eT�'+,�
R[^bdaT�fPb�PbbTbbTS�Qh�R^]cX]d^db#fPeT�9^__[Ta$�'+-�
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IWXb�Xb�P�_a^eXbX^]P[�UX[T"�]^c�cWT�UX]P[�ch_TbTc�PacXR[T�

>]�cWXb�_P_Ta"�AK�V[^QP[�[^]VXcdSX]P[�bcaPX]� AK#<AH!�Xb�dbTS�c^�STbRaXQT�cWT�PeTaPVT�_TPZ�bhbc^[XR�'+.�
[^]VXcdSX]P[�bcaPX]�Ua^\�P[[�cWaTT�[TUc�eT]caXRd[Pa�P_XRP[�eXTfb"�P]S�cWT�cTa\�GK�[^]VXcdSX]P[�bcaPX]�'+/�
 GK#AH!�Xb�dbTS�c^�STbRaXQT�cWT�_TPZ�bhbc^[XR�GK�[^]VXcdSX]P[�bcaPX]�Ua^\�P�GK#U^RdbTS�U^da�',&�
RWP\QTa�eXTf"�X]R[dSX]V�GK�UaTT�fP[[�P]S�X]caPeT]caXRd[Pa�bT_cd\$�6[[�[^]VXcdSX]P[�bcaPX]�eP[dTb�PaT�','�
STbRaXQTS�Pb�]TVPcXeT�_TaRT]cPVTb"�Pb�Xc�STbRaXQTb�\h^RPaSXP[�bW^acT]X]V�^U�bTV\T]cb�aT[PcXeT�c^�T]S#',(�
SXPbc^[XR�[T]VcW$�� � � � � � � � � �������������������',)�

AK�[^]VXcdSX]P[�bcaPX]� AK#AH!�i#bR^aTb�fTaT�RP[Rd[PcTS�Pb�_a^_^bTS�Qh�9P[[PXaT�Tc�P[$� (/!�Ua^\�',*�
\TPbdaT\T]cb�X]�P_XRP[�U^da�RWP\QTa�eXTf�X\PVTb"�]^a\P[XiTS�c^�Q^Sh�bdaUPRT�PaTP� 7H6!�P]S�',+�
PSYdbcTS�U^a�WTcTa^bRTSPbcXRXch$�IWT�i�bR^aT�RP[Rd[PcX^]�fPb�QPbTS�^]�X\PVX]V�P]S�P]P[hbTb�fXcW�',,�
bX\X[Pa�TRW^RPaSX^VaP_WXR�d[caPb^d]S�bhbcT\�P]S�^UU#[X]T�b^UcfPaT�Pb�X]�dbTS�X]�^da�bcdSh� (/!�P]S�',-�
^QcPX]TS�Ua^\�cWT�T`dPcX^]� fXcW�7H6�RP[Rd[PcTS�Qh�dbX]V�cWT�T`dPcX^]�_a^_^bTS�Qh�=PhR^RZ�Tc�P[�',.�
 )&!!0��',/�

$ C D/&2)15)(�5%-4)�B �;98;?>�6� #�#���" !EDB98<=<�6� #�A ;89;E �'-&�

AK#AH�i#bR^aT�2�#(�fPb�R^]bXSTaTS�PQ]^a\P[[h�[^f$��'-'�

E^bc�bhbc^[XR�bW^acT]X]V� EHH!"�STUX]TS�Pb�[PcT�bhbc^[XR�[^]VXcdSX]P[�bW^acT]X]V�P__TPaX]V�PUcTa�cWT�'-(�
P^acXR�eP[eT�R[^bdaT�X]�^]T�RPaSXPR�RhR[T"�fPb�STaXeTS�Ua^\�RP[Rd[PcX^]b�^U�_^bc�bhbc^[XR�X]STg� EH>!$�'-)�
EH>�fPb�STUX]TS�Pb�[^]VXcdSX]P[�bW^acT]X]V�PUcTa�P^acXR�R[^bdaT�aT[PcXeT�c^�\PgX\P[�V[^QP[�'-*�
[^]VXcdSX]P[�bcaPX]��'-+�

"#! C D0)%,�*-/&%-�231%+.�B �0)%,�2723/-+'�231%+.ED0)%,�*-/&%-�231%+.E �6�:99@�'-,�

>U�\PgX\P[�V[^QP[�[^]VXcdSX]P[�bcaPX]�fPb�fXcWX]�cWT�bhbc^[T"�EH>�fPb�bTc�c^�iTa^$�EHH�fPb�STUX]TS�Pb�'--�
EH>�4�&�� UXVdaT�(!$� � � � � � � � � ��������������������������'-.�
;^a�P]P[hbXb"�cWT�PeTaPVT�EH>�^U�QPbP["�\XS"�P]S�P_XRP[�AK�fP[[#bTV\T]cb"�cWT�PeTaPVT�EH>�^U�bT_cP["�'-/�
[PcTaP["�P]cTaX^a"�X]UTaX^a"�P]cTa^bT_cP["�P]S�X]UTa^[PcTaP[�AK�fP[[b"�P]S�cWT�PeTaPVT�EH>�^U�P[[�AK�P]S�'.&�
GK�bTV\T]cb�fTaT�dbTS� UXVdaT�'!$�IWT�cTa\b�V[^QP[�AK�EH>�P]S�V[^QP[�GK�EH>�fTaT�dbTS�c^�'.'�
STbRaXQT�cWT�PeTaPVT�EH>�^U�P[[�AK�P]S�GK�bTV\T]cb$�6SSXcX^]P[[h"�fT�aTVXbcTaTS�cWT�]d\QTa�^U�AK�'.(�
P]S�GK�fP[[#bTV\T]cb�fXcW�P]h�STVaTT�^U�EHH$�'.)�
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6[[�P]P[hbTb�fTaT�_TaU^a\TS�Qh�P�bX]V[T�Tg_TaXT]RTS�RPaSX^[^VXbc� 7$:!$�GP]S^\[h�bT[TRcTS�bcdSh�'.+�
_PacXRX_P]cb� +�!�fTaT�^QcPX]TS�U^a�X]cTa#aPcTa�P]S�X]caP#aPcTa�P]P[hbTb$�6]^cWTa�Tg_TaXT]RTS�'.,�
RPaSX^[^VXbc� I$D!�_TaU^a\TS�cWT�aT#P]P[hbTb�U^a�X]cTa#aPcTa�aT[XPQX[Xch$�7^cW�fTaT�Q[X]STS�c^�cWT�'.-�
^aXVX]P[�aTbd[cb�SdaX]V�aT#P]P[hbXb$�>]cTa#aPcTa�aT[XPQX[Xch�\TPbdaTS�Qh�P�(#fPh�\XgTS#TUUTRc�\^ST[�U^a�'..�
PQb^[dcT�PVaTT\T]c�fPb�&$.� /+��R^]UXST]RT�X]cTaeP[� 8>!�&$'"�'$&!�U^a�:;�HX\_b^]"�&$/� /+��8>�&$*"�'./�
'$&!�U^a�AK#<AH"�P]S�&$/� /+��8>�&$,"�'$&!�U^a�GK#AH$�>]caP#aPcTa�aT[XPQX[Xch�\TPbdaTS�Qh�P�(#fPh�'/&�
\XgTS#TUUTRc�\^ST[�U^a�PQb^[dcT�PVaTT\T]c�fPb�&$-� /+��8>�#&$)"�&$/!�U^a�:;�HX\_b^]"�&$/� /+��8>�'/'�
&$+"�'$&!�U^a�AK#<AH"�P]S�&$/� /+��8>�&$,"�'$&!�U^a�GK#AH$�'/(�

8PaSX^_d[\^]Pah�TgTaRXbT�cTbc��'/)�
8PaSX^_d[\^]Pah�TgTaRXbT�cTbc�fPb�_TaU^a\TS�Qh�fP[ZX]V%ad]]X]V�^]�P�caTPS\X[[� L^^SfPh�EEH�'/*�
B:9"�LDD9L6M�JH6"�LPdZTbWP"�L>"�JH6!�fXcW�P]�X]RaT\T]cP[�aP\_�_a^c^R^[�d]cX[�'/+�
TgWPdbcX^]$�IWT�_PacXRX_P]c�fPb�QaTPcWX]V�X]c^�P�=P]b�GdS^[_W�cf^�fPh�QaTPcWX]V�\PbZ� (-&&�bTaXTb1�'/,�
=P]b�GdS^[_W�>]R"�@P]bPb�8Xch"�JH6!�R^]]TRcTS�c^�P]�DghR^]Ea^�P]P[hiTa� ?PTVTa"�LjaciQdaV"�'/-�
<Ta\P]h!�dbX]V�cWT�QaTPcW#Qh#QaTPcW�\TcW^S$�7^aV�bRP[T� bRP[T�,#(&!� )'!�fPb�dbTS�Pb�aPcX]V�^U�'/.�
_TaRTXeTS�TgTacX^]�X\\TSXPcT[h�PUcTa�cWT�cTbc$�IWT�WXVWTbc�^ghVT]�d_cPZT�\TPbdaTS"�fWXRW�aT\PX]TS�'//�
bcPQ[T�^eTa�Pc�[TPbc�)&�bTR^]Sb"�fPb�dbTS�Pb�_TPZ�^ghVT]�R^]bd\_cX^]� _TPZ�KD!!�XU�cf^�^U�cWT�(&&�
U^[[^fX]V�cWaTT�RaXcTaXP�fTaT�Ud[UX[[TS0�aTb_XaPc^ah�VPb�TgRWP]VT�aPcX^�n'$'&1�7^aV�bRP[T�n'-1�^a�KD!�(&'�
aTPRWTS�P�_[PcTPd�fXcW�X]RaTPbX]V�f^aZ[^PS$�IWT�aTbd[c�U^a�cWT�88Hb�fTaT�X]R[dSTS�X]�cWT�_aTbT]c�(&(�
bcdSh"�c^�R^aaT[PcT�_TPZ�KD!�fXcW�\TPbdaTb�^U�\h^RPaSXP[�bhbc^[XR�Ud]RcX^]$�(&)�
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6]cWa^_^\Tcah�P]S�Q[^^S�_aTbbdaT�� � � � � � � � ��������(&*�
LTXVWc�P]S�bcP]SX]V�WTXVWc�fTaT�\TPbdaTS�fXcW�cWT�_PacXRX_P]cb�fTPaX]V�[XVWc�R[^cWX]V$�GTbcX]V�(&+�
Q[^^S�_aTbbdaT�fPb�\TPbdaTS�fXcW�P]�Pdc^\PcTS�^bRX[[^\TcaXR�STeXRT� X]�7TaVT]"�7X^[XVWc�7AI�K,"�(&,�
7X^[XVWc�BTSXcTRW�8^\_P]h"�8WX]P"�P]S�X]�Db[^"�8^]]Tg�Ea^7E�)*&&"�LT[RW�6[[h]"�JH6!�PUcTa�+�(&-�
\X]dcTb�^U�aTbc�X]�bd_X]T�_^bXcX^]"�dbX]V�cWT�[^fTbc�^U�cf^�\TPbdaT\T]cb$�� �(&.�
� � �����������(&/�
7[^^S�bP\_[Tb�� � � � � � � � � � �������('&�
KT]^db�Q[^^S�bP\_[Tb�fTaT�R^[[TRcTS�Ua^\�cWT�88Hb�^][h"�X]�bTad\�cdQTb�P]S�:cWh[T]T#9XP\X]T#(''�
ITcaP#PRTcXR�6RXS�R^]cPX]X]V�cdQTb"�U^a�\TPbdaT\T]cb�^U�=T\^V[^QX]� =Q!�P]S�C#cTa\X]P[�_a^#7aPX]�('(�
CPcaXdaTcXR�_T_cXST� CI#_a^7CE!$�CI#_a^7CE�eP[dTb�4�',&�]V%A�fPb�STUX]TS�Pb�PQ^eT�cWT�d__Ta�(')�
[X\Xc�X]�RWX[SaT]�PVTS�,#'.�hTPab� )(!$��('*�
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P]cWaPRhR[X]T�]PXeT�bdQVa^d_� #(&$)�� /+��8>�#('$'"�#'/$*!!"�_�3�&$&&)"�P]S�cWT�bdQVa^d_b�caTPcTS�)(,�
fXcW�[^f�S^bT� #(&$)�� /+��8>�#(&$/"#'/$,!!"�_�3�&$&&'"�P]S�\TSXd\�S^bT�^U�P]cWaPRhR[X]Tb� #'/$-��)(-�
 /+��8>�#(&$*"�#'/$'!!"�_�3�&$&'"�Pb�STbRaXQTS�X]�bd__[T\T]cPah�cPQ[T�'$�8^aaTb_^]SX]V[h"�\TP]�CI#)(.�
_a^7CE�[TeT[�fPb�bXV]XUXRP]c[h�WXVWTa�X]�cWT�bdQVa^d_�caTPcTS�fXcW�WXVW�S^bT�^U�P]cWaPRhR[X]Tb� /-�)(/�
]V%A� H9�++!!�R^\_PaTS�c^�cWT�P]cWaPRhR[X]T�]PXeT�bdQVa^d_� +*�]V%A� H9�)&!"�_�3�&$&+"�P]S�cWT�))&�
bdQVa^d_�caTPcTS�fXcW�[^f�S^bT�^U�P]cWaPRhR[X]Tb� +(�]V%A� H9�(*!!"�_�2�&$&)$�CI#_a^7CE�fPb�P[b^�))'�
WXVWTa�X]�cWT�bdQVa^d_�caTPcTS�fXcW�\TSXd\�S^bT�^U�P]cWaPRhR[X]Tb� -'�]V%A� H9�),!!�R^\_PaTS�c^�))(�
cWT�bdQVa^d_�caTPcTS�fXcW�[^f�S^bT�^U�P]cWaPRhR[X]Tb� _�3�&$&)!$�GK#AH"�V[^QP[�AK�EH>"�P]S�V[^QP[�)))�
GK�EH>�fTaT�bX\X[Pa�X]�P[[�U^da�88Hb�bdQVa^d_b$�))*�
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IWXb�Xb�P�_a^eXbX^]P[�UX[T"�]^c�cWT�UX]P[�ch_TbTc�PacXR[T�

N#bR^aT�U^a�AK#AH�fPb�[^fTa�X]�P[[�U^da�88Hb�bdQVa^d_b�R^\_PaTS�c^�cWT�R^]ca^[�Va^d_� P[[�_#eP[dTb�))+�
m�&$&(!� UXVdaT�,!"�P]S�\TP]�AK#<AH�fPb�aTSdRTS�X]�cWT�cf^�88Hb�bdQVa^d_b�fWXRW�aTRTXeTS�)),�
\TSXd\�P]S�WXVW�S^bT�^U�P]cWaPRhR[X]Tb�R^\_PaTS�c^�cWT�R^]ca^[�Va^d_� Q^cW�_#eP[dTb�m�&$&)!� UXVdaT�))-�
-!$�GK#AH"�V[^QP[�AK�EH>"�P]S�V[^QP[�GK�EH>�fTaT�bX\X[Pa�X]�P[[�U^da�88Hb�bdQVa^d_b�R^\_PaTS�c^�)).�
cWT�R^]ca^[�Va^d_$�))/�

�)*&�
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'@H:JHH@ED� � � � � � � � � � � �����������������)*(�
>]�cWXb�\d[cXRT]cTa�bcdSh"�fT�U^d]S�[^fTa�AK"�Qdc�]^c�GK"�bhbc^[XR�Ud]RcX^]�X]�'(.�_TSXPcaXR�88Hb"�)*)�
R^\_PaTS�c^�()�WTP[cWh�R^]ca^[b$�IaTPc\T]c�fXcW�WXVWTa�S^bTb�^U�P]cWaPRhR[X]Tb�P]S�X]RaTPbX]V�cX\T�)**�
PUcTa�caTPc\T]c�fTaT�Pbb^RXPcTS�fXcW�[^fTa�AK�P]S�GK�bhbc^[XR�Ud]RcX^]"�P]S�[^fTa�AK�\h^RPaSXP[�)*+�
Ud]RcX^]�fPb�Pbb^RXPcTS�fXcW�[^fTa�_TPZ�^ghVT]�R^]bd\_cX^]�SdaX]V�cWT�RPaSX^_d[\^]Pah�TgTaRXbT�)*,�
cTbc$�)*-�

Dda�UX]SX]V�^U�aTSdRTS�AK#<AH�X]�_TSXPcaXR�88Hb�R^\_PaTS�c^�R^]ca^[b�X]SXRPcTb�P�STcTRcPQ[T�)*.�
X]RaTPbTS�aXbZ�^U�STeT[^_X]V�WTPac�UPX[daT�X]�88Hb�TeT]�Pc�h^d]V�PVT"�P]S�R^aaTb_^]Sb�fT[[�c^�U^a\Ta�)*/�
UX]SX]Vb�X]�bcdSXTb�Qh�6ZP\#KT]ZPcP�Tc�P[$� ''!"�H[XTZTa�Tc�P[$� ')!"�P]S�Md�Tc�P[$� ))!$�IWT�AK#AH�i�#)+&�
bR^aT�fPb�2�#(�X]�')��^U�cWT�88Hb"�bX\X[Pa�c^�cWT�bcdSh�Qh�H[XTZTa�Tc�P[$"�fWXRW�aT_^acTS�X\_PXaTS�AK�)+'�
[^]VXcdSX]P[�bcaPX]�X]�.��^U�+'&�_TSXPcaXR�88Hb�caTPcTS�fXcW�bX\X[Pa�\TP]�P]cWaPRhR[X]T�S^bT� '+&�)+(�
\V%\!!�Pb�^da�bcdSh�_PacXRX_P]cb� ')!$�)+)�

Dda�bdQVa^d_#�P]S�R^aaT[PcX^]�P]P[hbTb�aTeTP[TS�P]�X]eTabT�Pbb^RXPcX^]�QTcfTT]�\h^RPaSXP[�Ud]RcX^]�)+*�
\TPbdaTS�Qh�bcaPX]�P]S�P]cWaPRhR[X]T�S^bT$�IWXb�Xb�X]�PVaTT\T]c�fXcW�U^a\Ta�Z]^f[TSVT�^U�S^bT#)++�
ST_T]ST]c�RPaSX^ePbRd[Pa�c^gXRXch�^U�RP]RTa�caTPc\T]c� ,!$�L^acW�]^cX]V�Xb"�W^fTeTa"�cWPc�AK�)+,�
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IWXb�Xb�P�_a^eXbX^]P[�UX[T"�]^c�cWT�UX]P[�ch_TbTc�PacXR[T�

Ud]RcX^]�\TPbdaTS�Qh�AK#AH�i#bR^aT�fPb�U^d]S�aTSdRTS�P[b^�X]�cWT�P]cWaPRhR[X]T�]PXeT�88H�)+-�
_PacXRX_P]cb"�P]S�X]�cWT�bdQVa^d_�caTPcTS�fXcW�[^f�S^bTb�^U�P]cWaPRhR[X]Tb"�R^\_PaTS�c^�R^]ca^[b$�IWXb�)+.�
bd__^acb�U^a\Ta�aT_^acb�^U�Pbb^RXPcX^]b�QTcfTT]�eX]RP�P[ZP[^XSb�^a�_[PcX]d\�STaXePcTb�fXcW�WTPac�)+/�
UPX[daT� /"�)*!"�P]S�cWPc�cWTaT�Xb�_a^QPQ[h�]^�bPUT�S^bT�^U�P]cWaPRhR[X]Tb� )+!$�IWXb�\XVWc�X]SXRPcT�cWPc�),&�
[^]V�cTa\�U^[[^f#d_�X]R[dSX]V�TRW^RPaSX^VaP_WXR�TeP[dPcX^]�^U�\h^RPaSXP[�Ud]RcX^]�bW^d[S�QT�),'�
R^]bXSTaTS�X]�P[[�88Hb"�P]S�]^c�^][h�X]�cWT�bdQYTRcb�caTPcTS�fXcW�\^STaPcT�c^�WXVW�S^bTb�^U�_^cT]cXP[[h�),(�
RPaSX^c^gXR�RWT\^cWTaP_TdcXR�PVT]cb� ),!$��),)�

LWX[T�_aTeX^db�bcdSXTb�WPeT�aT_^acTS�V[^QP[�\h^RPaSXP[�X\_PXa\T]c�PUcTa�RP]RTa�SXbTPbT�P]S�),*�
RPaSX^c^gXR�caTPc\T]c� ''"�'("�)-"�).!"�fT�U^d]S�bX\X[Pa�GK#AH�X]�88Hb�P]S�R^]ca^[b$�=^fTeTa"�),+�
cWTaT�fPb�P]�Pbb^RXPcX^]�QTcfTT]�X]RaTPbX]V�cX\T�PUcTa�caTPc\T]c�P]S�\^aT�aTSdRTS�Q^cW�AK#<AH�P]S�),,�
GK#AH"�P]S�fT�R^d[S�bdb_TRc�cWPc�cWT�RPaSX^c^gXR�TUUTRc�\XVWc�_a^VaTbb�P]S�RPdbT�GK�ShbUd]RcX^]�),-�
[PcTa�X]�[XUT$�IWXb�Xb�R^]bXbcT]c�fXcW�_aTeX^db�aT_^acb�^U�_a^VaTbbXeT�\h^RPaSXP[�c^gXRXch�P]S�aT_^acb�^U�),.�
aTSdRTS�GK�Ud]RcX^]�X]�PSd[c�88Hb"�Qdc�]^c�X]�_TSXPcaXR�88Hb� '("�')"�)/!$�),/�

M^d]VTa�PVT�Pc�cX\T�^U�RP]RTa�caTPc\T]c�P]S�UT\P[T�bTg�WPeT�QTT]�Pbb^RXPcTS�fXcW�aTSdRTS�)-&�
\h^RPaSXP[�Ud]RcX^]�X]�88Hb"�Qdc�fT�U^d]S�]^�bdRW�Pbb^RXPcX^]b$�IWXb�\Ph�QT�SdT�c^�P�aT[PcXeT�)-'�
\^STaPcT�\TP]�S^bT�^U�P]cWaPRhR[X]Tb� '+(�\V%\!!�X]�^da�bcdSh$�@aP\Ta�Tc�P[� *&!�bd\\PaXiTS�cT]�)-(�
bcdSXTb�Ua^\�cWT�[PcT�/&b�c^�cWT�TPa[h�(&&&b�fTaT�cWT�88Hb�WPS�QTT]�caTPcTS�fXcW�\TP]�^a�\TSXP]�)-)�
P]cWaPRhR[X]T�S^bTb�\PX][h�PQ^eT�(+&�\V%\!$�DU�cWTbT"�cf^�bcdSXTb�aT_^acTS�P]�Pbb^RXPcX^]�QTcfTT]�)-*�
h^d]VTa�PVT�Pc�cX\T�^U�caTPc\T]c�P]S�STRaTPbTS�\h^RPaSXP[�Ud]RcX^]�fWX[T�U^da�bcdSXTb�U^d]S�cWT�)-+�
bP\T�Pbb^RXPcX^]�fXcW�UT\P[T�bTg$��)-,�

I^�UdacWTa�TeP[dPcT�cWT�RPaSX^ePbRd[Pa�aXbZ�P]S�\h^RPaSXP[�Ud]RcX^]�X]�88Hb�fT�X]eTbcXVPcTS�EHH�X]�)--�
cWT�\h^RPaSXP[�fP[[#bTV\T]cb$�:eT]�cW^dVW�\TP]�V[^QP[�EH>�U^a�Q^cW�AK�P]S�GK�fTaT�bX\X[Pa�X]�)-.�
88Hb�P]S�R^]ca^[b"�fT�U^d]S�P�WXVWTa�bWPaT�^U�fP[[#bTV\T]cb�fXcW�P]h�STVaTT�^U�EHH�X]�cWT�88Hb�)-/�
R^\_PaTS�c^�cWT�R^]ca^[b$�IWT�\TRWP]Xb\b�QTWX]S�cWT�UX]SX]V�^U�X]RaTPbTS�_aTbT]RT�^U�EEH�X]�cWT�).&�
88Hb�PaT�d]RTacPX]�Qdc�\XVWc�QT�SdT�c^�\h^RPaSXP[�\XRa^�X]UPaRcX^]�aT[PcTS�c^�Q^cW�cWT�RP]RTa�SXbTPbT�).'�
P]S%^a�Xcb�caTPc\T]c$�:eT]�cW^dVW�P]h�STVaTT�^U�EHH�WPb�QTT]�U^d]S�X]�P__a^gX\PcT[h�)&��^U�AK�).(�
fP[[#bTV\T]cb�X]�WTP[cWh�h^d]V�PSd[cb� '*!"�EHH�WPb�_aTeX^db[h�QTT]�aT_^acTS�c^�QT�P�_aTSXRc^a�^U�).)�
RPaSX^ePbRd[Pa�\^aQXSXch�P]S�STPcW� '-"�'.!$�Dda�UX]SX]V�X]SXRPcTb�cWPc�EHH�\XVWc�PSS�Pb�P�\PaZTa�^U�).*�
X]RaTPbTS�RPaSX^ePbRd[Pa�aXbZ�X]�cWT�88Hb$��).+�

HX\X[Pa�c^�L^[U�Tc�P[$� *'!"�fT�U^d]S�P�_^bXcXeT�Pbb^RXPcX^]�QTcfTT]�P]cWaPRhR[X]T�S^bT�P]S�CI#).,�
_a^7CE�[TeT[b$�=^fTeTa"�TeT]�cW^dVW�cWT�P]cWaPRhR[X]T�S^bT�fPb�_^bXcXeT[h�Pbb^RXPcTS�c^�CI#).-�
_a^7CE�[TeT[�P]S�X]eTabT[h�Pbb^RXPcTS�c^�\h^RPaSXP[�Ud]RcX^]"�fT�U^d]S�]^�bXV]XUXRP]c�Pbb^RXPcX^]�)..�
QTcfTT]�CI#_a^7CE�[TeT[�P]S�\h^RPaSXP[�Ud]RcX^]$�IWXb�Xb�X]�PVaTT\T]c�fXcW�U^a\Ta�bcdSXTb�^U�CI#)./�
_a^7CE�[TeT[b�P]S�\h^RPaSXP[�Ud]RcX^]�X]�88Hb� ')"�*(!$��=^fTeTa"�Pb�X]�^da�bcdSh"�cWTbT�bcdSXTb�)/&�
X]R[dSTS�_PacXRX_P]cb�fXcW�\PX][h�]^a\P[�eP[dTb�^U�CI#_a^7CE$�LXcW�cWT�_aTbT]c�Rdc#^UU�eP[dTb"�)/'�
SXPV]^bcXR�eP[dT�^U�cWXb�QX^\PaZTa�c^�STcTRc�\h^RPaSXP[�ShbUd]RcX^]�X]�88Hb�WPeT�QTT]�aT_^acTS�c^�QT�)/(�
[X\XcTS� *)!$��)/)�

D][h�P�UTf�_aTeX^db�bcdSXTb�WPeT�X]eTbcXVPcTS�cWT�aT[PcX^]bWX_�QTcfTT]�\h^RPaSXP[�Ud]RcX^]�P]S�cWT�)/*�
RPaSX^aTb_XaPc^ah�UXc]Tbb�X]�_TSXPcaXR�88Hb$�=^VPach�Tc�P[$� +!�aT_^acTS�[^fTa�_TPZ�KD!�X]�))�_TSXPcaXR�)/+�
88Hb"�fWX[T�8Pa^�Tc�P[$� **!�U^d]S�bX\X[Pa�_TPZ�KD!�X]�.*�_TSXPcaXR�88Hb�R^\_PaTS�c^�R^]ca^[b$�IWT�)/,�
_PacXRX_P]cb�X]�Q^cW�bcdSXTb�WPS�\PX][h�]^a\P[�\h^RPaSXP[�Ud]RcX^]�\TPbdaTS�Qh�TRW^RPaSX^VaP_WXR�)/-�
UaPRcX^]P[�bW^acT]X]V$�DcWTa�bcdSXTb�WPeT�aT_^acTS�aTSdRTS�_TPZ�KD!�X]�_TSXPcaXR�88Hb�fXcW�aTSdRTS�)/.�
RPaSXPR�Ud]RcX^]�aTeTP[TS�Qh�\h^RPaSXP[�X\PVX]V�SdaX]V�TgTaRXbT� *"�*+!"�Qdc�P[b^�X]�88Hb�fXcW�)//�
_aTbTaeTS�\h^RPaSXP[�bcaTbb�aTb_^]bT� *!$�Dda�bcdSh�_^_d[PcX^]�Xb�_Pac�^U�P�[PaVTa�bcdSh�_^_d[PcX^]�*&&�
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X]R[dSTS�X]�cWT�E688H�bcdSh�fWTaT�'+-�_TSXPcaXR�88Hb�WPeT�_PacXRX_PcTS�X]�RPaSX^_d[\^]Pah�*&'�
TgTaRXbT�cTbcX]V� *,!$�7aPccTcTXV�Tc�P[$�aT_^acTS�P�_^bXcXeT�Pbb^RXPcX^]�QTcfTT]�_WhbXRP[�PRcXeXch�[TeT[b�*&(�
P]S�_TPZ�KD!�X]�cWTbT�_PacXRX_P]cb� *,!$�>]�^da�bdQ#bcdSh"�fT�U^d]S�cWPc�[^fTa�AK�\h^RPaSXP[�*&)�
Ud]RcX^]�\TPbdaTS�Qh�:;�HX\_b^]�P]S�AK#<AH�fPb�Pbb^RXPcTS�fXcW�[^fTa�_TPZ�KD!��[XZT[h�SdT�c^�*&*�
aTSdRTS�RPaSXPR�^dc_dc� (&!"�bdVVTbcX]V�R[X]XRP[[h�bXV]XUXRP]c�aTSdRcX^]�^U�AK�\h^RPaSXP[�Ud]RcX^]�*&+�
P]S�aTSdRTS�RPaSXPR�aTbTaeT�X]�cWT�88Hb$�6[cW^dVW�\^aT�R^\_[Tg�\TRWP]Xb\b�\Ph�P[b^�WPeT�*&,�
R^]caXQdcTS�c^�cWT�aTbd[c"�cWXb�R^aaTb_^]Sb�fT[[�fXcW�U^a\Ta�UX]SX]Vb�X]�PSd[c�88Hb�fWTaT�TgTaRXbT�*&-�
X]c^[TaP]RT�P]S�STRaTPbTS�\h^RPaSXP[�Ud]RcX^]"�P]S�R^]bT`dT]c[h�aTSdRTS�\PgX\P[�^ghVT]�*&.�
R^]bd\_cX^]"�PaT�STbRaXQTS�Pb�_aTeP[T]c� (!$�IWTbT�RWPaPRcTaXbcXRb�PaT�Pbb^RXPcTS�fXcW�X]RaTPbTS�*&/�
\^acP[Xch� (!�P]S�PaT�cWTaTU^aT�X\_^acP]c�c^�XST]cXUh�X]�h^d]V�88Hb$�6SSXcX^]P[[h"�Pb�bdVVTbcTS�Qh�*'&�
^cWTab"�TgTaRXbT�cTbcX]V�\XVWc�QT�dbTUd[�c^�XST]cXUh�88Hb�fXcW�bdQR[X]XRP[�\h^RPaSXP[�X\_PXa\T]c�*''�
 *'!$�*'(�

IWT�bcaT]VcWb�^U�cWXb�bcdSh�fTaT�cWT�bcdSh�STbXV]�fXcW�P�fT[[#\PcRWTS�R^]ca^[�Va^d_"�aTSdRX]V�cWT�*')�
aXbZ�^U�R^]U^d]SX]V$�IWT�TRW^RPaSX^VaP_WXR�X\PVX]V�fPb�_TaU^a\TS�Qh�WXVW[h�caPX]TS�b^]^VaP_WTab"�*'*�
fXcW�cWT�bP\T�d[caPb^d]S�bhbcT\"�P]S�P[[�^UU[X]T�P]P[hbTb�fTaT�\PST�Qh�^]T�RPaSX^[^VXbc�fXcW�cWT�*'+�
bP\T�TRW^RPaSX^VaP_WXR�b^UcfPaT$�IWT�RP[Rd[PcTS�X]caP#�P]S�X]cTa#aPcTa�ePaXPQX[Xch�fTaT�V^^S�c^�*',�
TgRT[[T]c� *-!$�IWTaT�fTaT�[X\XcPcX^]b�c^�cWT�bcdSh$�IWTaT�Xb�P�aXbZ�^U�bT[TRcX^]�QXPb�bX]RT�TgcT]bXeT�*'-�
P]S�_WhbXRP[�RWP[[T]VX]V�cTbcX]V�fPb�_Pac�^U�cWT�\PX]�bcdSh$�IWXb�\Ph�WPeT�[TS�c^�P�bT[TRcX^]�^U�cWT�*'.�
UXccTbc�88Hb"�fWXRW�R^d[S�\^bc�[XZT[h�X]ca^SdRT�P]�^eTaTbcX\PcT�^U�AK�^a�GK�Ud]RcX^]�X]�cWT�88Hb�*'/�
Va^d_$�:;�P]S�bcaPX]�\TPbdaT\T]cb�PaT�Z]^f]�c^�QT�PUcTa[^PS�ST_T]ST]c�fXcW�\^aT�aTSdRTS�:;�P]S�*(&�
[^]VXcdSX]P[�bcaPX]�fXcW�WXVWTa�Q[^^S�_aTbbdaT� *.!$�LT�U^d]S�bXV]XUXRP]c[h�WXVWTa�bhbc^[XR�Q[^^S�*('�
_aTbbdaT�X]�cWT�R^]ca^[b�R^\_PaTS�c^�cWT�88Hb"�fWXRW�\Ph�WPeT�[TS�c^�P]�d]STaTbcX\PcT�^U�cWT�*((�
SXUUTaT]RT�X]�bhbc^[XR�\h^RPaSXP[�Ud]RcX^]�QTcfTT]�88Hb�P]S�R^]ca^[b�X]�cWXb�bcdSh$�ETPZ�KD!�Xb�*()�
\PX][h�[X\XcTS�Qh�cWT�PQX[Xch�^U�cWT�RPaSX^aTb_XaPc^ah�bhbcT\�c^�ST[XeTa�^ghVT]�c^�cWT�TgTaRXbX]V�*(*�
\dbR[Tb� '/!"�Qdc�^cWTa�UPRc^ab"�bdRW�Pb�aTb_XaPc^ah�^a�\dbRd[^bZT[TcP[�ShbUd]RcX^]"�STR^]SXcX^]X]V"�*(+�
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