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 %� � c¸q¼orµ¥t�~%�ht%cM��ox¢Mi|�hepc2iklVtvu3ox¢Mi\u¹t%�h�ht°µ/ehcM�f£
� �T��� ~%cM~%�pq�lne�l_ehcÁln�hi(i�}Äjmiklxi(~vjm�b¢#�
� �T������t%cfehomt%jxepcM�Ãuwt%j�ox¢2i��fi�omi(��oxe�tvc tvu�lxi�e����fjmi(l|~%cM��ik}fep��i�}Moxepª§uwt%jx�Cln}fep»�iG~;��ª
oxepg¸ehorq;�

� ��}�ik�koxjx�f� ~%cM~%�hq�lnehl/u¹t%j/ox¢Mi¶�fi�omi(��oxe�t%cÄt%u3����� jx¢�q¸ox¢f��lÊ¦���z��¥z �¸zMi�om�;� ©b�
� � cM~%�pq�lne�lTt%u�ox¢2i/�¥�!�Ltvu6��jxehoxeh�(~v�h�hq*eh�p�M}M~%oxe�i�c�oml�uwt%jT¢Mi(~vjxoxª§jm~%omi_��t%cfehomtvjxehcM�¶~%cM��fi�omi(��oxe�tvcÁtvu�~%jxjx¢�q¸ox¢f��eh~f�

��� � c¸q¼orµ¥t�~%�ht%cM��ox¢Mi|�hepc2iklVtvu3ox¢Mi\u¹t%�h�ht°µ/ehcM�f£
� �Ét�epc�g�i(lnoxeh�;~%omi\~%cM�D�fcM�Mi�jmlnom~%cM�D}M¢�q�lneht%��t%�%e��k~%�#}f¢2i�cMt%��i�cM~f�
� �Ét��fi�omi(��o/~%�fc2tvjx��~%�Ét%jV}M~%ox¢Mt%�ht;�%eh�(~%�T¦§��e�lxik~;lxiv©�}fjmt¸�(iklxlxiklk�
� �Ét }�i�jxuwt%jx� t%���ni(��oxehg�iD~%cM�#"��M~%c�oxepom~%oxehg�iD~%cM~%�pq�lne�l�t%u�lne��%cM~%�hl�u¹t%j��kt%cMlne�lnomi�c�o
~vc2�Ojmik}�ik~%om~%�f��i|ehc�omi�jx}Mjmi�om~%oxeht%c#�

� �Étd}fjmt°g¸e��fi�~;lxlnehlnom~%cM�(i�omtd}f¢�q�lneh�keh~%cMl�~%cM�*��i(��e��k~%�¸ln}�i(��e�~v�he�lnoml!epc���~v»¸ehcM�V��t%jmi~%�(���fjm~%omi¶��eh~;�%cMt;lnoxe��¶�fik�kehlne�t%cMlk�

¨��Â½rcÂtv}6i�cfª§��t¸tv}¿��t%cfehomtvjxehcM�fz_�f~%om~²~%jmiÄ~;�$"��fehjmik�]u jmt%��ox¢MiD}2~voxe�i�c¸o�u¹t%jÃ~vc2~v�hq�lnehl
~vc2��ehc�omi�jx}Mjmi�om~%oxeht%c���q�~O��ik��e��k~%�Tln}�i(��e�~v�he�lno(���¥¢Mi�jmiGe�l|cMtD�fepjmi(��o¶~;��oxe�tvc om~%»�i�c�t%c
ox¢MiÊ}M~%oxehikc�o(�  t%j|i�®�~%��}f�hi;z�ehc�~Ã�kt%����t%c ¢2ik~%jxoxª§jm~%omi¶��t%cfehomt%j(z�ox¢Mi*lnq�lnomik��lneh��}f�hq
��ehln}M�h~°q�l_ox¢Mi�¢Mik~%jxo¥jm~%omi%��½ruÉox¢Mid¢2ik~%jxo_jm~vomi|��jmt%}Ml¥��ik�ht°µÇ~*�heh�Geho/t%j_i�®��ki(ik�fl_~*�hep��eho(z
ox¢Mi*lnq¸lnomik����~°qÄlxiko|t&%�~%��~vjx��lkz��M�fo|�ft¸ikldcMt%o�~%}f}f�hqÁ~vc¸qDjmik��ik��e�~%�!}fjmt¸�kik�f�fjmikldomt
ox¢Mi|}M~%oxe�i�c�oV�fepjmi(��ox�hq;�
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½rc��k�ht;lxik�fª§�ht¸t%} ��t%cfehomt%jxepcM�fz#ox¢2i�jmikln�f�homl\t%u¥�f~%om~O~%cM~%�hq¸lne�l¶~%jmi��Mlxi(��omtOjmikln}�t%cM�
omt|ox¢Mi/�(t%cM��ehoxeht%cMl��fikomik��omi(�G��q�}�i�jxuwt%jx��epcM�¶lxt%��iV~%�koxeht%c�t%c�ox¢Mi/}M~%oxe�i�c�o(�  t%j�i�®�~%��ª
}f��i%z�~G�kt%�*�fehcMik�D�fi��f�fjxeh�p��~%omtvjxª§}2~%�(i���~%»�i�j/�k~%cD�fikomik��o_µ/¢Mi�cOg;ikc�oxjxe����f��~%j��M�fjxep�h��~voxe�t%c
t¸�k���Mjmlkzf~%cM�Ä~%}f}f�hqO~��fi��f�fjxeh�p��~%oxepcM��ln¢Mt¸�m»Oomt�ox¢2i|¢Mi(~vjxo(�
¡f� � c�qÃox¢fjmiki¶~v��t%cM�Gox¢Mi|�hehcMiklVt%u3ox¢Mi|uwt%�p��t°µ/epc2��£

� s�t(µ¥ikjxª§�pehcMi¶epc¸omi�jxuwi�jmi�c2�ki%�
� �T�hi(��oxjmt%��~%�%cMikoxeh��jm~;��e�~%oxeht%c¶u jmt%�ÇcMi(~vjx�¸q|i ";�Mep}f��ikc�o(z°��~v��}Mlkzv�(tv��}f�Momi�jmlkz°��t%cfªepomt%jmlkzMikom�%�
� Í t%oxeht%cR¦§��Í �¶©V~vjxoxehuw~%�kodehc�ox¢Mi��_�!�����2i*omt¼}M~%oxe�i�c�o|��t(g�ik��ikc�o(z6�(t%�M�%¢fepc2��z
i�om�;�

� �_�!��~v}M}�ik~%jxehcM��~;lV~vcÁ~%jxoxehu¹~;��o/epcÁ������lneh�%cM~%��lk�
��� cM�;t%ehcM��������~%}f}6ik~%jxepc2��ehcÁi�g�i�c¸oxª§jmi���~vomi(�O}�t%omi�c¸oxeh~%��lk�

�¸� � cM�kiÃ~��kik�p��¢2~%l���i(i�c@oxjxeh�;�;i�jmi(�6z�ehoG�kik�p�¥�(~vcMcMt%o���i¼oxjxeh�;�;i�jmi(�Î~;�;~%epc@�Mc�oxep�_ox¢Mijmi�u¹jm~;��omt%jxq¼}�ikjxeht¸�Oe�l/�(t%�G}M�hikomik�6��dehg�i�cÃox¢M~%o�ox¢MiVomt%om~%��~%�koxeht%cÃ}�t%omi�c¸oxeh~%�����fjm~%oxeht%cOt%u#ox¢Mi��ki��h��ehl� °�����%z�ehcM���h�M��ehcM�
ox¢Mi|jmiku jm~;�komtvjxqÃ}�i�jxe�t¸�6zfox¢Mi¶�ki��h�#��~°qO��i|oxjxe��;�%ikjmik�Äi�g�ikjxq  °�����%zMtvjd~%oV~G��~%®¸ep�*�f�
jm~%omi\t%u� °�;��oxep��i(l_}�ikjVlxik�(tvc2�6�
«¸���¥¢Mi/�kik�p�2�k~%cfcMt%oT��i_oxjxeh�;�;i�jmi(��~%�;~%ehc�µ/ehox¢fepc�ox¢Mi/�f�fjm~%oxeht%c�t%u�~%c�~;��oxe�t%cG}6tvomikc�oxe�~v�·z
epc2���h�M��ehcM�¼ox¢MiÊjmiku jm~;��omt%jxqD}6i�jxe�t��#���¥¢2i¶¢Meh�%¢Mi(lno�}�t;lxlneh�f��i*jm~vomiÊe�ldomt¼oxjxeh�;�;i�j�ox¢Mi*�ki��h�
i�g�i�jxqÎ¨%�%�����%�Á�¥¢Mi�cÉz!ox¢Mi���~%®�eh�*�f� jm~%omi�ehl � "! #$ % '& ¨)( ¨;¨Doxep��i(l¶}�i�j�lxik�kt%cM�#z�t%j
*% ,+ �$-  $ $ #$ $ & �%�;��oxeh��ikl_}�ikj/��ehc��fomi;�
¬��L��}M~%oxe�~v�/jmi(��jx�fehox��i�c�o(£Ä��t%jmiÄ~%cM�R��t%jmiD��tvomt%j��fcMepoml�t%u�ox¢MiÄlx~%��iD�*�Mlx����iÄ~%jmi
jmik�kjx�fepomi(�.ehc�omt��(t%c�oxjm~;��oxe�tvc]ehc¿t%jm�fi�j�omt epc2��jmik~;lxiÄox¢MiOomt%om~%�Vtv�Mox}f�fo�}6t(µ¥ikj¼t%u�ox¢Mi
�*�Mlx����i%�

�!i���}�t%jm~%�2jmi(��jx�fehox��i�c�o(£�ox¢MiV��t%omt%j��fcfehoml�ox¢M~%o¥~vjmi�~%�pjmi(~%�fq�~;�koxepg�id~%jmiVoxjxe��%�;ikjmik�
��tvjmiÁt%u¹omi�c¿ehc�omtÎ�kt%c�oxjm~;��oxe�t%c/.dox¢M~%o�ehlkz/ox¢Mi��fjxehcM�²jm~%omiDe�l�ehcM��jmi(~%lxi(�6z_ehcÂt%jm�fi�j¼omt
epc2��jmik~;lxi\ox¢Mi|omt%om~%�#t%�fox}M�fo/}�t°µ¥i�jdt%u!ox¢Mi\�*�Mlx����i%�
¯¸�¥��iki  e��%�fjmi� ;�p ;�
�!i���}�t%jm~%�6jmik�kjx�fepox��ikc�o(£�ox¢Mi0�fjxehcM�Gjm~%omikl/tvu!ox¢Mi|��tvomt%j/�fcfehoml_ox¢M~%o¥¢2~(g�i\~%�pjmi(~;��q

��ikikcDjmik�kjx�fehomik�Oehc�omt�~;�koxeht%cÄ~%jmi|ehcM�kjmik~;lxik�Domt�t%�fom~%epcD��t%jmi\uwtvjm�(i%�
��}2~voxe�~%�Mjmik��jx�Mepox��i�c¸o(£!cMi�µ]��t%omt%j��Mcfepoml�~%jmi_�fjmt%�M�%¢�oTehc�omt¶~;��oxe�t%c�omt\epcM�kjmik~;lxi/ox¢Mi

t%�fox}f�fo/uwt%jm�ki%�
��}2~voxe�t%ª§omi���}�t%jm~%�#jmik�kjx�fehox��ikc�o(£��(t%�Ê�MepcM~%oxe�t%cÁt%u!ox¢2i\~%��t°g�i\orµ¥t��

Ë¸�¥��iki  e��%�fjmi� ;� �¸�
 °�¸�¥�¸iki  e��%�fjmi� ;� ¨¸�
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MU1 MU1 MU1

MU1 MU1 MU1MU1 MU1

(a) At the beginning:
only MU1 is firing at a low rate

(b) A little later: with temporal recruitment, the 
firing rate of MU1 is increased. No other MU recruited yet. 

MU1 MU1 MU1MU1 MU1MU2 MU2

MU3MU3

(c) A little later: with spatial recruitment, new motor 
units MU2 and MU3 have been brought into action. MU1 
continues to fire at the same rate as in (b).

 e��%�fjmiD ;�h ;£\sTjmtv�M�hik�  ;� ¯¸£\��Í �,u jmt%�Cox¢fjmi(i�~%�koxepg�i���t%omt%j\�fcMepoml�¦§Í a�l ©bzÉ�fik��t%cfª
lnoxjm~voxehcM�Gln}2~voxe�~%�#~%cM�Oomi���}�t%jm~%��jmi(��jx�fehox��i�c�o(�T��~;�m¢Älne��vc2~v�#u¹jm~v��i�jmik}fjmiklxikc�oml/~�oxeh��i
epc�omikjxgv~%��t%u_~%��t%�foG�%�;� � �,(!Í t%jmi�Í a�lÊ~%jmi�jmi(��jx�fehomik�Î~%cM��ox¢Mi �MjxepcM�Ájm~%omiklÊt%u¥ox¢2i
~%�koxepg�i¶Í a�l/ehcM��jmi(~%lxi¶~;l/ox¢Mi\��i�g�i��Ét%u��kt%c�oxjm~;��oxe�t%cÄepcM�kjmik~;lxiklkzMu¹jmt%� ox¢Mi¶�(tvc2��epoxe�t%cÄepc
¦§~�©�omtÄ¦w��©�omtÄ¦§��©b�
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80 ms 80 ms 80 ms 100 ms 160 ms

340 ms

P

Q

R

S

T

ECG

just before P: SA node fires 

P: atrial depolarization or contraction

PQ: AV node delay; atrial repolarization

just before Q: AV node fires

QRS: ventricular depolarization or contraction (systole)

ST: plateau phase of ventricular myocyte action potential

T: ventricular repolarization

after T: ventricular relaxation (diastole)

 eh�%�fjmi� %� �¸£�sTjmt%�f��i��� ;� Ë¸£ � orq¸}fe��k~%�6cMt%jx��~%�#�_�!��lne��%cM~%�#t°g�i�jVt%cMi\�k~%jm��e�~;�\�kq¸�k�hi;�
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ln�ht°µ¶z3l ";�2iki �kepc2�D~;��oxe�tvcÉ���¥¢2iG~%oxjxe�~D�ftDcMt%o¶}�t;lxlxiklxlÊln}�i(��e�~v�he��kik�²�kt%cM���M�koxepc2�OcMi�jxg�i
�f��ikjml�.vepcMlnomi(~;�6z�ox¢MiT~;��oxehgv~%oxe�tvc¶}fjmt¸�ki(lxl6}Mjmtv}2~%�;~%omiklÉox¢fjmt%�M�%¢¶ox¢Mi��*�Mlx�k�hi��f��ikjmlk���¥¢fe�l
jmikln�f�homl\e�l¶ln�ht°µ�}fjmt%}M~;�;~%oxeht%cÎ~%cM��~;��oxehgv~%oxe�tvc�t%u�ox¢Mi�~%oxjxe�~v�T�*�Mlx����iklk�  �fjxox¢Mi�jx��t%jmi%z
ox¢MiÊ~;��oxe�t%cÁ}�t%omi�c�oxe�~%�!t%uT~%oxjxeh~%�!�Ê�2lx����i �f��ikjmlV¢M~;l�~¼ln¢Mt%jxo����fjm~%oxeht%c�t%u�ox¢MiÊt%jm�fi�j|t%u
 ��v� � �%�%� � �v�  t%jÊox¢Miklxi�jmik~;lxt%cMlkz!ox¢Mi�s	µ¥~°g�i�ehlÊ~Djmik�h~%oxehg;ik�pq ln�ht°µ,~%cM�²ln��t¸tvox¢
¦w�ht°µ/ª§u¹jmi$"��MikcM��q2©Tµ¥~°g�i%�
�¥¢Mi��V�¶�Gµ¥~°g�idjmik�h~%omikl¥omtÊox¢Mi��(tvc¸oxjm~%�koxeht%cDtvuÉox¢Midg�i�c�oxjxe�����iklk�T{��Mi�omtÊox¢Mi�jm~%}feh�

�kt%cM���2��oxe�tvc@t%u¥ox¢2i�~%�koxepg%~%oxeht%cÎlneh�%cM~%��lÊjm~%}fe����hq ox¢fjmt%�M�%¢²ox¢Mi��f�fcM�f�hi��Mjm~vc2�m¢Mi(lÊ~%cM�
ox¢Mi�sT�fjx»¸epcv�xi �M��i�jmlkz!ox¢MiGg;ikc�oxjxe����f��~%j¶�Ê�2lx����iklÊ~%jmi�~;��oxehgv~%omik� epcÎ~Ojm~%}fe���lxi ";�2i�cM�(i%�
 �fjxox¢2i�jx��t%jmi%z¸ox¢2i�~%�koxeht%cO}�t%omi�c�oxe�~%��t%u#g�ikc�oxjxeh�k�f��~vj_�Êq�t¸��q¸omi(l�e�l_tvu!~*jmi���~voxehg�i��hq���t%cM�
���fjm~%oxe�tvc tvuT~%��t%�fo¶¨%�%� � ¨;�%� � �%�  t%j�ox¢Mi(lxi¶jmi(~;lxtvc2lkz�ox¢2i��d�\�Oe�l�~¼ln¢M~%jx}R¦w¢fe��v¢Mªu jmi "��Mi�cM�kq2©Tµ¥~°g�i%�

�¥¢MiO��µ¥~°g�i¼jmi���~%omiklÊomtÁox¢Mi �fcM~%��}M¢M~;lxi¼t%u/jmik}�t%�h~%jxe��k~%oxeht%c.t%u_g�i�c�oxjxe����M�h~%j��*q¸ª
t¸��q¸omiklkzÉµ/¢fe��m¢²ehc�g�tv�hg�iklÊ~Äln��t°µ�oxjm~%cMlnehoxeht%c²u¹jmtv��ox¢Mi��Mi�}�t%��~vjxe��ki(��lnom~%omiGomtDox¢Mi�}�t%ª
�h~%jxe��ki(�²lnom~%omi%�Á�¥¢fe�lÊ}f¢M~;lxi�e�lÊ�*�M�m¢.ln�ht°µ¥ikj*ox¢M~%cÎox¢Mi��f}Mlnoxjmt%»�i¼t%u/�fi�}�t%��~%jxe �(~voxe�t%c#�
��i�cM�(i%z�ox¢MiÊ� µ¥~°g�i\e�l/~�ln��t(µ ~%cM�Äln��t�t%ox¢Î¦w��t(µ/ª§u¹jmi$"��MikcM��q2©�µ¥~(g�i;�

��i(i  e��v�Mjmi� %� ¡Guwt%jV~%cDep�h�h�Mlnoxjm~%oxeht%c#�
 ������¥¢2i|µ/e���ox¢Ät%u!ox¢Mi��d�\�Ã�kt%��}f��i�®¼e�l_jmik�h~%omi(�Oomt�ox¢Mi\jm~vomi\t%u�i�®���ehom~%oxeht%c²¦woxjxeh�;�;i�jxª
epc2��©|t%u�ox¢2i��Ê�2lx����iklÊt%u¥ox¢Mi�g�i�c�oxjxe�����iklk�Ä��t%cM�fepoxe�t%cMlÊln�M�b¢Î~;l\�M�fcM����i�ª§�fjm~%cM�b¢Î�f��t��b»
t%jÃln��t°µ
�(tvc2���M��oxe�t%c t%u\ox¢Mi ik®���ehom~voxe�t%c¿}f�M�hlxiÁox¢Mjmtv�2�v¢ ox¢Mi �de�l¼�f�fcM�f�hi(lÃ~%cM�Âox¢Mi
sT�fjx»¸epcv�xi �M��i�jmlÊ�(t%�f�h����ik~;��omtDox¢Mi�µ/eh�Mi�cfehcM�Ät%u¥ox¢2i��V�¶���kt%��}f��i�® omtD~Á���fjm~%oxe�tvc
ox¢M~%o_e�l/�%jmi(~vomikj/ox¢M~%cDox¢Mi\cMt%jx��~%�#g%~%�p�Mi\t%u�~v�6tv�Mo�¯v�����%� È i�c�oxjxe����M�h~%j/¢�q¸}�ikjxoxjmtv}M¢�q
¦§i�cf��~%jm�;i���i�c�o�©��(t%�f�h�Ä~v��lxt��(~%�Mlxi¶~Gµ/e��fi�jxª§ox¢2~vcMª§cMt%jx��~%���V�¶�¼�(t%�G}M�hik®��
 �¨�� � c¸q¼orµ¥t�~%�ht%cM�Gox¢Mi\�pehcMiklVt%u3ox¢Mi\u¹t%�h�ht°µ/ehcM�f£

� � cM~%�pq�lne�lTt%u�ox¢Mi/�_�!� t%u���jxehoxeh�(~%�p�hq*eh�p�M}M~%oxe�i�c�omlTu¹t%jT¢Mik~%jxoxª§jm~%omi_��tvcMepomt%jxehcM�¶~%cM��fi�omi(��oxe�t%cDt%u�~%jxjx¢�q¸ox¢f��e�~��
� � cM~%�pq�lne�l/t%u3¢Mik~%jxoxª§jm~%omi|g%~%jxeh~%�feh�pehorqOt°g;ikj/oxeh��i%�
� {|i�omi(��oxe�t%cDt%u�ik��omt%}fe��|�6ik~%oml/t°g;ikjV~G��t%cM�G}�ikjxeht¸�Dt%u3oxep��i;�
� � �k�k�fjm~%omi���i(~%ln�Mjmi���i�c�o�tvu��V�¶�¼�f�fjm~%oxeht%c#zf�d�	epc¸omi�jxgv~%�·zMi�om�;�
�  ep�homi�jxehcM�ÊomtÊjmi���t°g;id}6t(µ¥ikjxª§�pehcMidehc�omi�jxuwi�jmikcM�ki;z�¢Meh�%¢fª§u¹jmi$"��MikcM��q�cMt%e�lxi%z¸�M~;lxi��hepc2i��jxehu o(zMi�om�;�

 (¡��¥�¸iki  e��%�fjmi� ;� �¸�
� i�o_�2l/~;lxln�f��i¶ox¢M~%o/ox¢Mi\i(��omt%}fe��|uwt��k�Ml_e�l/t%cDox¢Mi\�hiku o/g�ikc�oxjxeh�k�hi;�
�¥¢Mi�i(��omt%}fe���eh��}f�f��lxi�~%o� ,( ¨ ��¢M~;l\cMtÄi %�ik�ko\��i(�k~%�MlxiGox¢MiÃ� � ª§cMt¸�fi�i�®���ehom~%oxeht%c

¢M~;l\~v�hjmik~;��q�lnom~%jxomik��ox¢MiG�kt%c�oxjm~;�koxeht%c�t%u�ox¢Mi�g�i�c�oxjxe�����iklk�G�¥¢MiGlx~%��iG~%}f}f�hehi(l|omtOox¢Mi
ik�komtv}Meh�/eh��}f�f��lxid~%o/¬ ( �;� �%�3½rc¼ox¢MiklxiVorµ¥tÊ�(~%lxi(lkz�ox¢Mi/c2tvjx��~%���¥�!�L��ik~%omlTjmikln�M�po(z¸~%cM�
ox¢Mi\i(��omt%}fe��|ep��}f�f��lxiklV¢M~°g�i\cMt�i %6ik��o(�

�¥¢Mi�i(��omt%}fe���ep��}f�M�hlxi�~vo*�)( ¯ ���k~%�Mlxikl\g�i�c�oxjxe����f��~%j¶�(tvc¸oxjm~%�koxeht%c���i�uwt%jmi�ox¢Mi¼� � ª
cMt¸�fiDeh��}f�f��lxiÁ~%oO¨ �%�L�¥¢Mi�jmiku¹t%jmi%z_~�}fjmi���~%ox�fjmiÄg�i�c¸oxjxeh�k�f�h~%j¼�(tvc¸oxjm~%�koxeht%c ¦§s È �/©
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action potential of
atrial myocyte

ECG

 e��%�fjmiG ;� ¡f£�sTjmt%�f��i��C ;�h ; %£ � orq¸}fe��k~%��c2tvjx��~%�#�_�!� lne��%cM~%�#t°g�i�j/t%cMi\�k~%jm��e�~;�|��q�����i%�
�¥¢Mi¼orq¸}fe��k~%�¥~;��oxe�t%cÎ}�t%omikc�oxeh~%��l�t%uV~vc.~%oxjxeh~%�¥�*q;t¸�kq�omiÃ~vc2�@~ g;ikc�oxjxe����f��~%j*�*q�t��kq¸omi
~vjmi¶~%�hlxt�ln¢Mt°µ/c#�
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jmikln�f�homlk� �¥¢2i�s µ¥~°g;i ���Mi�omtÎox¢2i�� � ª§cMt¸�fi eh��}f�f��lxi�ehlO�f�fjxe�ik�Âehc ox¢Mi s È �d� �
jmik�%�f��~%j �V�\�¼µ¥~°g�i\ehl/cMt%oVt%�Mlxi�jxg�ik�DehcÄox¢Mi\�_�!�*�

�¥¢Mi*� � ª§cMt¸�fi|ep��}f�M�hlxi\~%od« �|�(~v�2lxikl_~�jmik�%�f��~%j/sRµ¥~°g;i|ehcOox¢2i|�_�!�*� � cMt%jx��~v�
�V�\�\µ¥~°g;i|¦wg�i�c�oxjxe����M�h~%j��(tvc¸oxjm~%�koxeht%c�©6µ¥t%�f���Ê¢M~°g�i¥�kt%����i�cM�(ik��~vo�~%��t%�fo_¦ «V¤@� ( �;¯ �
u¹t%jTox¢Mi/~%oxjxeh~%�2�kt%c�oxjm~;�koxeht%c�t%j�s²µ¥~°g;i�¤�� ( ��¯ �_uwtvjTox¢MiVs �¿epc�omikjxgv~%�2t%j�ox¢Mi � È ª§cMt¸�fi
�fi���~°q2© & «)(p �«��%� ��t(µ¥ikg�i�j(zÉox¢2i�ik�komt%}feh��ep��}f�M�hlxi�~%o�«)( ��¯��Goxjxeh�;�;i�jmlÊ~Äs È �d�!�¥¢Mi
� � ª§cMt¸�fi\ep��}f�f��lxi¶¢M~;l_cMt�i %�i(��oVtvcÄox¢Mi|g�i�c¸oxjxeh�k�hi(l_ehcÄox¢fehlV�k~;lxi;�
 ����¥� � cMt¸�fi0�fjxehcM��jm~vomi & ¯%����� � �½rc�omikjxgv~%�\��i�orµ¥i(i�c � � ª§cMt¸�fi ep��}f�f��lxikl & cMt%jx��~%�\�V��ehc�omi�jxg%~%� & *% ,+ �$-  $ % 

�$ &¬%�v�����%�
�¥¢Mi�i(��omt%}fe���u¹t¸�k�Ml��Mjmikl� °�;� � �G��iku¹t%jmiGox¢2iO� � c2t��Mi,.�ox¢Mi�jmiku¹t%jmi;zÉox¢Mi�ehc�omi�jxg%~%�

��i�orµ¥i(i�cÄ~�s È �Â~%cM�Dox¢Mi|}Mjmik�ki(��ehcM���d�\�¼ehl|¬%�v� �  °�;� & «;�%�����%��¥¢Mi_epc¸omi�jxgv~%�fu jmt%��~\s È �²omt�ox¢2i�c2i�®¸o�cMt%jx��~v� �V�\�Ê�(t%�G}M�hik®Êe�l����¶¬%�%� � «;�%� &¯;�v�����%�
{��2i�omt_�fe��%ik��epc�q�z�ox¢MiT}M~%oxehikc�oÉ¢M~;lÉ~%cÊ�_�!�Îµ/¢2i�jmiTikg;ikjxq�c2tvjx��~%����i(~voÉehlÉu¹t%�h�ht°µ¥ik�

��qO~�s È �dzM~%cM�Äi�g�ikjxqÃs È �¿e�l_uwt%�p��t°µ¥ik�D��qD~GcMt%jx��~%�#��ik~%o/ehcM���h�M��ehcM��ox¢Mi¶�kt%��}�i�cMª
lx~%omtvjxqO}M~%�Mlxi,.�lxi(i  e��%�fjmi� ;� «¸�_�¥¢Mi�jmiku¹t%jmi%zMehcÁ~%cÁ�_�!� lne��%cM~%�Éµ/ehox¢² °�G��i(~vomlkzMox¢Mikjmi
µ/ep�h�T��i �fg�i�cMt%jx��~v����i(~%oml\µ/epox¢²ox¢Mi�}fjmi(�ki(��epc2�D�V�,ehc�omi�jxg%~v��t%uV¯;�%� ���GehcM���h�M��ehcM�
ox¢Mi��kt%��}�ikcMlx~%omtvjxq }2~v�2lxi�jmik�h~%omik�²omtDox¢Mi�}Mjmik�ki(��ehcM�Ás È �dzÉ~%cM�²ox¢2i�jmi�µ/eh�p����i �fg�i
s È ��l�µ/ehox¢Ãox¢2id}fjmi(�ki(��epc2�*�V�Çehc�omikjxgv~%�6t%u�«;�v�����|���Mi|omt*}fjmi���~%ox�fjmi��fjxehcM����q¼ox¢Mi
ik�komtv}Meh��uwt¸���Mlk���¥¢2i��d�Ç¢fe�lnomt;�%jm~v� µ/eh�p�#¢M~°g�i|orµ¥t�gv~%�h�Miklk£ �fg�i|uwtvj�«;�v�����\~vc2� �fg�i
u¹t%j�¯;�%�0� �,.flxi(i  e��%�fjmi� ;� «¸�

�¥¢Mi¶~°g;ikjm~;�%i\�d�	epc¸omi�jxgv~%�Ét°g;ikj/ox¢2iG °����ik~%oml/ehl�� +)* �  
	 � +�� �  �  & ¬%�v�����%�
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 °«¸�¥��i(i  e��v�Mjmi� %�´¬��
�2 ;£3�¥¢2i��fjmlno�¢Mi(~%jxo�lxt%�fcM�D¦r�2 v©#t¸�k���Mjml3~%o3ox¢Mi���ik�%ehcfcfehcM��t%u2g;ikc�oxjxe����f��~%j��kt%c�oxjm~;��ª

oxeht%cÁ¦§lnq�lnomt%��i�©b���¥¢fehl��kt%jxjmikln}�t%cM�Ml�omt\ox¢Mi �V�¶�*µ¥~(g�i/epc�ox¢Mi/�_�!�*� � o�ox¢Mi_�6ik�%epcMcfepc2�
tvu¥�2 ;z2ox¢2iÊ~%oxjxeht°g�i�c�oxjxe����M�h~%j�¦ � È ©�g%~v�hg�ikl�¦w�Gehoxjm~%�!~%cM�Áoxjxeh�k�Mln}fe���©_�k�ht;lxi;�V�¥¢Mi*�fi(�ki��hª
i�jm~%oxeht%c²t%u�ox¢MiG�f�ht¸t¸���(~v�2lxikl¶lxt%��iGg¸ep�Mjm~voxe�t%cMl¶~%cM��lxtv�McM�flk� � u¹omi�j\ox¢MiGe�lxt°g;t%�h�f��eh�
}M~%jxoVtvu3ox¢Mi¶�kt%c�oxjm~;��oxe�t%cÄt%u3ox¢Mi|g�ikc�oxjxeh�k�hi(l¶¦wµ/epox¢Á~v�h�Ét%u3ox¢Mi|uwt%�fj/gv~%�hg;i(l/�k�ht;lxi(��©bz�ox¢2i
lxi���ep�h�fcM~%j|¦§~;t%jxoxeh�d~%cM��}f�f�h��tvc2~vjxq2©�gv~%�pg�i(l�t%}�i�cÉ���¥¢2i/�M�ht¸t¸��ehl�ox¢2i�cÃir�xik��omi(��t%�fo¥tvu
ox¢MiÊg;ikc�oxjxe�����iklVehc�omt¼ox¢MiÊ~;t%jxom~¼~%cM�Áox¢2i¶}f�f�h��tvc2~vjxqÁ~%jxomi�jxq��d�¥¢fe�l��k~%�Mlxikldg¸eh�fjm~%oxeht%cMl
���Mi\omtGox¢Mi\~;�(�ki���i�jm~%oxe�t%cDt%u�~%cM�Oox�Mjx�f�f��i�cM�(i\epcÄox¢Mi¶ir�xik��omi(�Ã�M�ht¸t¸�6�

�¥¢Mi¶���Mjm~voxe�t%cÄt%u��2 \e�l/~%��t%�fo¶ °�;� �  ��%�0� �%����¸£ � oÄox¢Mi�i�cM�Çt%u�lnq�lnomt%��i%z|ox¢Mi�~;t%jxoxeh��~%cM�L}f�f�h��tvc2~vjxqLgv~%�pg�i(lD�k�ht;lxi;� �¥¢2i
�fik�(i���i�jm~%oxeht%c.t%u/ox¢MiÃ�f��t�t¸�@�(~%�MlxiklGlxt%��iÃg¸ep�fjm~%oxe�t%cMl�~%cM�.lxtv�McM�flk�.���Ä�Mln�M~%�p�hq²¢2~%l
orµ¥tG�fehlnoxehcM��oV�(t%�G}6tvc2i�c�oml_jmik�h~%omik�Domt�ox¢Mi\����t;ln�fjmi\t%u3ox¢Mi\~%t%jxoxe��|gv~%�pg�i�¦ � ��©�~%cM�Oox¢2i
����t%ln�Mjmi¶tvu3ox¢Mi\}f�f�h��t%cM~%jxqOgv~%�pg�i�¦§s���©b�

�¥¢Mi¶���Mjm~voxe�t%cÄt%u����*e�l/~%��t%�fo�¯%� �  (�;�����%���t%��i�oxeh��iklkz�ox¢2i¶ox¢Mepjm��~%cM� u¹t%�fjxox¢�¢Mik~%jxo|lxt%�fcM�fl�¦r��¨�~vc2���¸¡�©/�(t%�f�h� ��iÊ¢Mi(~%jm� .
ox¢Mi�qO~%jmi|cMt%oV�(tvc2lneh�fikjmik�DehcDox¢MehlVi�®�~%��}f�hi;�

t=0 200 ms 400 ms 600 ms 800 ms

S1: first 
heart sound

S2: second
heart sound

A2 P2

(see the text for details of the cardiac 
events related to the sounds)

 e��%�fjmiG ;� ¬�£�sTjmt%�f��i��C ;�h �«�£ � orq¸}fe��k~%��c2tvjx��~%�#s_�!� lne��%cM~%�#t°g�i�j/t%cMi\�k~%jm��e�~;�|��q�����i%�

 �¬�� � c�qÃorµ¥t�~v��t%cM�Gox¢2i|uwtv�h��t(µ/ehcM���pehcMiklk£
� Í t%cfepomt%jxehcM��t%u3ox¢Mi|g%~%jxeht%�MlVlnom~;�%i(l/t%u�ln�hi(i�}Î¦§�fik�pom~G~%cM�Dox¢Mikom~Gµ¥~(g�i(l ©b�
� {|i�omi(��oxe�tvcOt%u!i�}feh��i�}foxe���lxike �k�fjmikl_~%cM�Ãjmik�h~%omik�Ãµ¥~°g;i(l\¦§ln¢M~%jx}Oµ¥~(g�i(lkzfln}fep»�ikª·~vc2��ªµ¥~(g�i¶�(tv��}f��i�®�i(l ©b�
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� º eht%uwikik�f�M~;�m»Ãu¹t%j/jmik�h~%®�~%oxeht%cÄ~%cM�Dox¢Mi\oxjmik~%ox��i�c�oVtvu3¢�q¸}�ikjxª·~vcM®�e�i�orq��

 �¯��L�¥¢2iDomi�jx� `mjx¢�q¸ox¢f��y�ehc¿ox¢MiÄ�(t%c�omi�®¸o¼t%u�ox¢2iÄ�_�!��jmi�uwi�jml�omt�ox¢MiDjx¢�q¸ox¢f� t%u
ox¢Mi|¢Mik~%jxoÊ¦§�(~vjm�feh~;�\~;�koxepg¸ehorqM©b����~%jm��e�~;�|jx¢�q¸ox¢f� ehlVi�®¸}fjmi(lxlxik�OehcÄomi�jx��l/t%u!��i(~%oml_}�i�j
��epc��Momi�¦ ��� � ©bz�~%lxln�M�GehcM�G~*cMik~%jx�hq¼�kt%cMlnom~%c�o¥�d�Lehc�omi�jxg%~v�·� º jm~;��q��k~%jm��e�~Êjmik}fjmiklxikc�oml
~d�ht°µ@¢2ik~%jxo3jm~%omi�t%uf��iklxl3ox¢M~%c�«%� ��� � zvµ/¢Mikjmik~;l3om~%�b¢�q��k~%jm��e�~djmi�}fjmi(lxi�c�oml�~d¢fe��%¢�¢Mik~%jxo
jm~%omi�t%u!�%jmik~%omi�j¥ox¢2~vc  ��v��� � �����¥¢Mi�}fjmiklxikcM�ki|t%u!s È ��l_tvj/lne��%cfe �2�k~%c�o_gv~%jxe�~voxe�t%cMl¥epc
ox¢Mi|�d�	ehc�omikjxgv~%�6ehcM��e��k~%omi¶�k~%jm��e�~%�¶~%jxjx¢�q¸ox¢f��eh~f�
½rc ox¢2i �(t%c�omi�®¸oOt%u¶ox¢Mi������*z�ox¢2i omi�jx� `xjx¢¸q�ox¢M��y@jmik}fjmiklxikc�omlÃox¢2i �Mtv��ehcM~%c�o
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(a) unit circle in the z-plane with fs = 2,000 Hz

Real
part

Imaginary 
part

1 + j0 = DC
or 2,000 Hz

0 + j1 = 500 Hz

-1 + j0 = 
+1,000 Hz
or -1,000 Hz

0 - j1 = -500 Hz
or 1,500 Hz

(b) unit circle in the z-plane with fs = 500 Hz

Real
part

Imaginary 
part

1 + j0 = DC
or 500 Hz

0 + j1 = 125 Hz

-1 + j0 = 
+250 Hz
or -250 Hz

0 - j1 = -125 Hz
or 375 Hz
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and so on ... keep shifting h(-k) 
until there is no overlap with x(k)
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z-plane

real 
part

imaginary part
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