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ABSTRACT �� %DVHG� RQ� WKH� GHFLVLYH� HIIHFWV� RI� WKH� KHPRG\QDPLF�

DQG�PHFKDQLFDO� HQYLURQPHQWV� RQ� WKH�GHYHORSPHQW� DQG� UHPRGHOLQJ�

RI� DUWHULHV� LQ� YLYR�� VHYHUDO� JURXSV� KDYH� FXOWXUHG� WLVVXH�HQJLQHHUHG�

YHVVHOV�DQG�H[FLVHG�YHVVHOV�LQ�YDULRXV�PHFKDQLFDOO\�DFWLYH�SHUIXVLRQ�

V\VWHPV�� � $FFXUDWH� HVWLPDWHV� RI� YHVVHO� GLPHQVLRQV� DUH� UHTXLUHG� WR�

REWDLQ�DFFXUDWH�HVWLPDWHV�RI�WKH�DSSOLHG�IRUFHV�DQG�UHVXOWLQJ�VWUHVVHV�

QHHGHG� IRU� VXFK� VWXGLHV�� � 7KH� PHDVXUHG� SUHVVXUH� GURS� DORQJ� WKH�

OHQJWK�RI� WKH�YHVVHO� FRXOG�EH�XVHG� WR� FDOFXODWH� WKH� LQQHU� GLDPHWHU��

EXW�SUDFWLFDO�FRQVLGHUDWLRQV��LQFOXGLQJ�WKH�PRGHVW�DFFXUDF\�RI�PDQ\�

SUHVVXUH�WUDQVGXFHUV��OLPLW�WKLV�DSSURDFK���+HUH�ZH�VKRZ�WKDW�ZKHQ�

UHDO�WLPH�PHDVXUHPHQWV�RI�WKH�SUHVVXUH�GURS�DQG�WKH�RXWHU�GLDPHWHU�

GXULQJ�D�YDVRDFWLYH�HYHQW�DUH�ILW�WR�D�WKHRUHWLFDO�PRGHO��RIIVHW�HUURUV�

LQ�WKH�SUHVVXUH�PHDVXUHPHQW�FDQ�EH�FRPSHQVDWHG�IRU�DQG�HVWLPDWHV�

RI�YHVVHO�ZDOO�DUHD�ZLWK�DQ�DYHUDJH�HUURU�RI������DUH�DFKLHYHG���

.H\ZRUGV�9DVFXODU� ELRORJ\�� ELRPHFKDQLFV�� YHVVHO� JHRPHWU\��

QRQLQYDVLYH�PHDVXUHPHQW�
�

INTRODUCTION 
� 6HYHUDO� JURXSV� KDYH� FXOWXUHG� WLVVXH�HQJLQHHUHG� YHVVHOV� LQ�

PHFKDQLFDOO\�DFWLYH�SHUIXVLRQ�V\VWHPV��OHDGLQJ�WR�WKH�FRQVHQVXV�WKDW�

PHFKDQLFDOO\� DFWLYH� HQYLURQPHQWV� EHQHILW� HQJLQHHUHG� YHVVHOV�

�=LHJOHU� DQG� 1HUHP�� ������ 1LNODVRQ� HW� DO��� ������ 6HOLNWDU� HW� DO���

������� �$FFXUDWH� HVWLPDWHV� RI� DSSOLHG� IRUFHV� DQG� UHVXOWLQJ� VWUHVVHV�

DQG� VWUDLQV� FRXOG� IDFLOLWDWH� WKH� GHVLJQ� DQG� LQWHUSUHWDWLRQ� RI� VXFK�

VWXGLHV�DQG�FKDUDFWHUL]DWLRQ�RI�HQJLQHHUHG�YHVVHOV����

� 6HYHUDO�VHWV�RI�HTXDWLRQV�DUH�DYDLODEOH�WR�FDOFXODWH�VWUHVVHV�DQG�

VWUDLQV� LQ� WKH� YHVVHO� ZDOO� IURP� WUDQVPXUDO� SUHVVXUHV� DQG� YHVVHO�

GLPHQVLRQV�� � $� SULPDU\� OLPLWDWLRQ� LQ� DSSO\LQJ� WKHVH� HTXDWLRQV� WR�

UDSLGO\�JURZLQJ�UHPRGHOLQJ� WLVVXH�HQJLQHHUHG� YHVVHOV� LV� WKH�

DFFXUDF\� RI� �SUHIHUDEO\� QRQLQYDVLYH�� PHDVXUHPHQWV� RI� YHVVHO�

GLPHQVLRQV���3UHFLVH�PHDVXUHPHQWV�RI�WKH�RXWHU�GLDPHWHU��'R��FDQ�EH�

DFTXLUHG� QRQLQYDVLYHO\� LQ� UHDO�WLPH� ZLWK� ODVHU� VFDQQLQJ� V\VWHPV���

%\� DVVXPLQJ� WKDW� FURVV�VHFWLRQDO� DUHD� RI� WKH� DUWHU\� ZDOO� �$[�� ZDV�

FRQVWDQW�� %UDQW� HW� DO�� ������� FDOFXODWHG� WKH� LQQHU� GLDPHWHU� Z�U�W���

'L�W���IURP�'R�W����

� 7KH� DVVXPSWLRQ� RI� FRQVWDQW� $[� OLNHO\� ZLOO� QRW� KROG� RYHU� WKH�

ORQJ�WHUP� FXOWXUH� RI� H[FLVHG� DUWHULHV� RU� HQJLQHHUHG� YHVVHOV���

7KHUHIRUH�� LQGHSHQGHQW� PHDVXUHPHQW� RI� $[�W��� 'L�W�� RU� ZDOO�

WKLFNQHVV�� K�W��� LV� UHTXLUHG�� EXW� DQ� LQH[SHQVLYH�� FRPSOHWHO\�

QRQLQYDVLYH��RII�WKH�VKHOI� V\VWHP�GRHV�QRW�H[LVW�� �+HUH�ZH�GHYHORS�

DQG� HYDOXDWH� D� WHFKQLTXH� WKDW� XVHV� WKH� SUHVVXUH� GURS� IURP� D� SRLQW�

XSVWUHDP� WR� D� SRLQW� GRZQVWUHDP�RI� D� SHUIXVHG� YHVVHO� DQG�'R�W�� WR�

FDOFXODWH�$[��WKHUHE\�SURYLGLQJ�'L�W���DQG�K�W������  
MATERIALS AND METHODS 
� 7KH�SHUIXVLRQ�V\VWHP�KDV�EHHQ�GHVFULEHG�LQ�GHWDLO��&OHULQ�HW�DO���

������ DQG� FRQVLVWV� RI� D� SHULVWDOWLF� SXPS� WKDW� SXVKHV� SHUIXVLRQ�

PHGLXP�WKURXJK�WKH�EORRG�YHVVHO�DW�D�FRQVWDQW�UDWH���([WUDFRUSRUHDO�

SUHVVXUH�SUREHV�ORFDWHG�XSVWUHDP�DQG�GRZQVWUHDP�RI�WKH�YHVVHO�DUH�

DWWDFKHG� WR� WKH� FRUUHVSRQGLQJ� 7ULWRQ�&DUGLRYDVFXODU�0HDVXUHPHQW�

0RGXOH�� � $� ODVHU� VFDQQLQJ� V\VWHP� PHDVXUHV� 'R�W�� RI� WKH� YHVVHO���

'DWD�DUH�GLJLWL]HG�DQG�UHFRUGHG�RQ�D�3&�XVLQJ�/DE9LHZ�VRIWZDUH��

� 7KH�SUHVVXUH�GURS��'3��GXH�WR�IXOO\�GHYHORSHG�ODPLQDU�IORZ�RI�
D� 1HZWRQLDQ� IOXLG� WKURXJK� D� VWUDLJKW�� FRQVWDQW� LQQHU� GLDPHWHU��

FLUFXODU�WXEH��LV�JLYHQ�E\�WKH�+DJHQ�3RLVHXLOOH�ODZ���7R�HQVXUH�IXOO\�

GHYHORSHG� IORZ�� D� OHQJWK� RI� FRQVWDQW�GLDPHWHU� WXELQJ� LV� W\SLFDOO\�

LQVHUWHG�EHWZHHQ�HDFK�SUHVVXUH�SUREH�DQG�WKH�DUWHU\���7KHUHIRUH��WKH�

WRWDO�SUHVVXUH�GURS�EHWZHHQ� WKH�SUHVVXUH� WUDQVGXFHUV��'37�W��� LV� WKH�
VXP�RI�WKH�SUHVVXUH�GURS�DORQJ�WKH�YHVVHO�DQG�RWKHU�SUHVVXUH�GURSV���

)RU� D� JLYHQ� FRQVWDQW� IORZ� V\VWHP�� WKH� VXP�RI� WKHVH�RWKHU� SUHVVXUH�

GURSV�LV�IL[HG��'3I��RU�
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ZKHUH�4� LV� YROXPHWULF� IORZ� UDWH��P� LV� YLVFRVLW\��/� LV� OHQJWK�RI� WKH�
WXEH�� DQG� 'L� LV� LQQHU� GLDPHWHU�� � 7KH� LQDFFXUDF\� RI� W\SLFDO� LQ�OLQH�

SUHVVXUH�SUREHV�RYHU�WLPH��ZLWK�XS�WR���PP+J�GULIW�GD\��OLPLWV�WKH�

XVHIXOQHVV�RI�����IRU�FDOFXODWLQJ�'L����6LQFH�$[�QHHG�QRW�EH�FRQVWDQW�

RYHU�ORQJ�WLPHV��HOLPLQDWLQJ�'L�IURP�����DQG�VROYLQJ�IRU�$[�\LHOGV�
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(TXDWLRQ�����FRXOG�EH�XVHG�WR�FDOFXODWH�$[�XVLQJ�UHDO�WLPH�GDWD�IRU�

'37�W��DQG�'R�W��DQG�UHDGLO\�PHDVXUHG�FRQVWDQWV��4��P��/��DQG�'3I����
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EXW�WKH�DFFXUDF\�RI�WKH�FDOFXODWHG�$[�VWLOO�VXIIHUV�IURP�PHDVXUHPHQW�

HUURU�DVVRFLDWHG�ZLWK�'37�W����$VVXPLQJ�WKH�SULPDU\�VRXUFH�RI�HUURU�
LV�DQ�RIIVHW�HUURU��HS��DW�D�JLYHQ�WLPH�WKH�PHDVXUHG�SUHVVXUH��'30�W���
LV� UHODWHG� WR� '37�W�� E\� 370 �W�3�W�3 H�' ' �� � 6XEVWLWXWLQJ� WKLV�

HTXDWLRQ�LQWR�����\LHOGV�� � �

¸
¸
¹

·
¨
¨
©

§

'�H�'S
P

�
S

 
�3�W�3�

/4���
�W�'

�
�W�$

I30

�

R[

� �����

2YHU� VKRUW� WLPHV�� WKH�YHVVHO�ZDOO� LV�QHDUO\� LQFRPSUHVVLEOH� VR�$[�W��

VKRXOG� EH� FRQVWDQW�� � 7KHUHIRUH�� H3� FDQ� EH� HVWLPDWHG� XVLQJ� ���� E\�
PLQLPL]LQJ� 6WG�>$[�W�@�$YJ�>$[�W�@� RYHU� D� VKRUW� WLPH�GXULQJ�ZKLFK��

'30�W��DQG��'R�W��DUH�FKDQJLQJ��H�J���D�YDVRDFWLYH�HYHQW����)URP�WKH�

DYHUDJH� $[�� ���� LV� XVHG� WR� FDOFXODWH� 'L�W��� IURP� ZKLFK� WKH� ZDOO�

WKLFNQHVV��K�W���LV�FDOFXODWHG��K�W�� �>'R�W��'L�W�@����

� 1LQH� SRUFLQH� DUWHULHV� ZHUH� SHUIXVHG� ZLWK� D� FRQVWDQW� IORZ� RI�

����PO�PLQ�� �$� YDVRDFWLYH� HYHQW�ZDV� LQGXFHG� LQ� HDFK� DUWHU\� �����

P0� .&O�� 3%6��� 0DVV� RI� WKH� YHVVHO��YHVVHO� OHQJWKGHQVLW\�� ������

J�FP���\LHOGHG�DQ�LQYDVLYH�PHDVXUH�RI�WKH�DYHUDJH�$[����
RESULTS 
� $OO�YHVVHOV�FRQWUDFWHG�LQ�UHVSRQVH�WR�.&O�DGGLWLRQ�DV�HYLGHQFHG�

E\� LQFUHDVHG� '30�W�� DQG� GHFUHDVHG� 'R�W��� � $� VDPSOH� UHVSRQVH� LV�

VKRZQ� LQ� )LJXUH� �$� IURP�ZKLFK�$[� LV� FDOFXODWHG�ZLWK� RU�ZLWKRXW�

LQFRUSRUDWLQJ�WKH�HIIHFWV�RI�HS��)LJXUH��%����,QFRUSRUDWLQJ�WKH�HIIHFWV�
RI� HS� VXEVWDQWLDOO\� LPSURYHG� WKH� DFFXUDF\� RI� WKH� FDOFXODWHG� $[��

UHGXFLQJ�WKH�DYHUDJH�HUURU�IURP�������WR�������)LJXUH�������������
 
�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

 

 

 

 

 

 

 

Figure 1.  Panel A: Upstream pressure, downstream 
pressure, and outer diameter as a function of time for a 

carotid artery (100 kg pig).  Panel B: Calculated A x with no 
error correction of the measured pressure ( Hp=0) and with 

Hp chosen to minimize the stdev/variation in the 
calculated A x (Hp=1.7 mmHg).  N Re>2300 for 1175 dt d2291 

sec. 

DISCUSSION 
� :H�KDYH�GHYHORSHG�D�PHWKRG�WR�HVWLPDWH�'L�W��IURP�'R�W��DQG�

'37�W�� E\� DVVXPLQJ� VWHDG\�� IXOO\�GHYHORSHG�� ODPLQDU� IORZ� RI� D�
1HZWRQLDQ� IOXLG� WKURXJK� DQ� DUWHU\� ZLWK� XQLIRUP� FLUFXODU� FURVV�

VHFWLRQ� WKDW� YDULHV� RQO\� ZLWK� WLPH�� � %DVHG� RQ� HVWLPDWHG� 'L�W���

5H\QROGV� QXPEHUV� �15H�� IRU� DOO� YHVVHOV� H[FHHGHG� WKH� RIW�FLWHG�

WKUHVKROG� RI� ������ GXULQJ� DW� OHDVW� D� SRUWLRQ� RI� WKH� FRQWUDFWLRQ�

�)LJXUH� �%��� � 7KH� IDFW� WKDW� $[� YDOXHV� FDOFXODWHG� IURP� GDWD�

FRUUHVSRQGLQJ� WR�15H������� DJUHHG�ZHOO�ZLWK� WKRVH� FDOFXODWHG� IRU�

15H� !� ������ �H�J��� )LJXUH� �%�� VXJJHVWV� WKDW� IORZ� UHPDLQV� ODPLQDU���

7KLV� EHOLHI� LV� FRQVLVWHQW�ZLWK� UHSRUWV� RI� ODPLQDU� IORZV� LQ� SHUIXVHG�

WXEHV� IRU� 15H� XS� WR� ������� DQG� KLJKHU� �)XQJ�� ������ DQG�� DW� OHDVW�

WUDQVLHQWO\��XS�WR�������LQ�DUWHULHV�LQ�YLYR��1HUHP���������

� 7KRXJK� WKH�SURSRVHG�PRGHO� LV�YHU\� VLPSOH�DQG�GRHV�QRW� WDNH�

LQWR� DFFRXQW� DOO� RI� WKH� FRPSOH[LWLHV� RI� D� UHDO� V\VWHP�� LW� SURYLGHV�

UHDVRQDEO\� DFFXUDWH� HVWLPDWHV� RI� YHVVHO� JHRPHWU\� IURP� HDVLO\�

REWDLQHG��QRQLQYDVLYH�PHDVXUHPHQWV���7KLV�WHFKQLTXH�FRXOG�EH�XVHG�

WR� QRQLQYDVLYHO\� PRQLWRU� WKH� JURZWK� RI� WLVVXH�HQJLQHHUHG� YHVVHOV�

DQG� WKH� UHPRGHOLQJ� RI� H[FLVHG� YHVVHOV� RU� LQ� FRQMXQFWLRQ� ZLWK�

H[LVWLQJ�PRGHOV�WR�FDOFXODWH�VWUHVVHV�LQ�WKH�YHVVHO�ZDOO��
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Figure 2. Noninvasively measured A x versus invasively 
measured A x.  The dashed line (y=x) would represent a 

perfect agreement between the two measurements.   
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