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ABSTRACT. Objective.  Thermoregulatory vasoconstriction lo- 
cally increases arterial wall tension and arteriolar resistance, 
thereby altering physical properties of  the arteries. The arterial 
pressure waveform is an oscillatory phenomenon related to 
those physical characteristics; accordingly, we studied the ef- 
fects of thermoregulatory vasomotion on central and distal 
arterial pressures, using three hydraulic coupling systems hav- 
ing different dynamic responses. Methods.  We studied 7 
healthy volunteers. Central arterial pressure was measured 
from the femoral artery and distal pressure was measured 
from the radial artery, using 10.8-cm long, 20-gauge cathe- 
ters. Three hydraulic coupling systems were used: (1) a 10- 
cm-long, 2-mm internal diameter connector; (2) a 150-cm- 
long, l-ram internal diameter connector (Combidyn 
520-5689, B. Braun, Melsungen, Germany); (3) a 180-cm 
long, 2-mm internal diameter connector (Medex MX564 and 
MX562, Medex Inc., Hillard, OH). Brachial artery pressure 
was measured oscillometrically. Core temperature was mea- 
sured at the tympanic membrane. The vasomotor index, de- 
fined as finger temperature minus room temperature, divided 
by core temperature minus room temperature, was used to 
estimate the degree of  vasoconstriction. Constriction was con- 
sidered near maximal when the index was less than 0.1, and 
minimal when it exceeded 0.75. Measurements were taken 
every 3 min. Baseline readings were obtained when subjects 
were warm. They then were cooled by exposure to 20~ to 
22~ room air and a circulating-water mattress set at 4~ until 
index was less than 0.1. They then were rewarmed by increas- 
ing water temperature to 42~ and adding a forced-air warmer 
until the vasomotor index exceeded 0.75. Data were analyzed 
by ANOVA and linear regression. Results. Thermoregula- 
tory vasoconstriction was associated with marked arterial 
pressure waveform changes. Radial pressure showed, in lieu 
of  a dicrotic notch, large oscillations of  decreasing amplitude. 
Femoral pressure showed a single diastolic oscillation of  
smaller amplitude. The waveforms appeared different, de- 
pending on the hydraulic coupling system used, artifact being 
more marked with the longer connectors. On the average, 
radial systolic pressure exceeded femoral systolic pressure dur- 
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ing vasoconstriction; however, during vasodilatation, femoral 
systolic pressure exceeded radial systolic pressure (p < 0.05). 
Oscillometric measurements underestimated systolic pressure, 
and did so more markedly during vasoconstriction. There 
were no differences in the values of  mean and diastolic pres- 
sures. Conclusion.  Thermoregulatory vasoconstriction alters 
radial arterial pressure waveform, artifactually increasing its 
peak systolic pressure compared with the femoral artery. Poor 
dynamic responses of  recording systems further distort the 
waveforms. Consequently, radial artery pressure may be mis- 
leading in vasoconstricted patients. 

KEY WORDS, Pressure: systolic, radial, femoral, arterial. Vaso- 
constriction. 

RIESUMJ:. Objectifs. La vasoconstriction due ~ la thermor6gula- 
tion augmente localement la tension transmurale art6rielle et 
la r6sistance art6riolaire; de ce fair les propri&6s physiques 
des art~res sont modifi6es. La forme de la courbe de pression 
artdrielle est un ph6nom~ne oscillatoire li~ ~ ces caract6ris- 
tiques physiques; en cons6quence, nous avons 6tudi6 les effets 
de la vasomotricit6 due a la thermor6gulation sur les pressions 
art6rielles centrales et distales en utilisant 3 syst~mes de liaisons 
hydrauliques ayant des rdponses dynamiques diff&entes. 
M&hodes.  Nous avons 6tudi6 7 volontaires sains. La pression 
artdrielle centrale a 6t6 mesurde ~ l'aide d'un cath&er f~moral 
et la pression art&idle distale par un cath&er radial (longueur 
10.8 cm, diam&re externe 20 G). Trois syst~mes de liaison 
hydraulique ont 6t6 utilis6s: a) un prolongateur de 10 cm de 
long, 2 mm diam&re interne; b) un prolongateur de 150 cm 
de long ,  1 mm diam&re interne (Combidyn | 520-5689, B 
Braun); c)un prolongateur de 180 cm de long, 2 mm diam&re 
intern e (Medex MX 564 et MX 562). La pression de l'art~re 
hUm6rale a 6t6 mesur& par oscillom&rie. La temp6rature cen- 
trale a 6t6 mesur6e au niveau de la membrane tympanique. 
L'index vasomoteur, d6fini comme la temp6rature au doigt 
moins la temp6rature de la pi&e, divis& par la temp&ature 
centrale moins la temp6rature de la pi&e, a 6t6 utilis6 pour 
estimer le degr6 de vasoconstriction. La vasoconstriction a 6t6 
consid6r6e comme maximale quand l'index 6tait inf6rieur 
0.1 et minimale quand il 6tait sup6rieur a 0.75. Les mesures 
ont 6t6 faites toutes les 3 minutes. Les relev6s de base ont 6t6 
faits quand les sujets &aient chauds. Ensuite, ils ont &6 re- 
froidis par exposition ~ une temp&ature ambiante de 20-22 
~ et par matelas ~ circulation d'eau froide ~ 4~ attein- 
dre une valeur d'index inf6rieure ] 0.1. Ils ont, ensuite, &6 
r6chauff6s par augmentation de la temp6rature de l'eau ~ 42~ 
et ajofitant d'un diffuseur d'air chaud jusqu'] ce que l'index 
vasomoteur ait d6pass6 0.75. Les donn&s ont 6t6 analys6es 
par A N O V A  et r6gression lindaire. R~sultats. La vasocon- 
striction due ~ la thermor6gulation &ait associ6e ~ des modifi- 
cations nettes de la forme de la courbe de pression art6rielle. 
La pression radiale montrait, ~ la place de l'onde dicrote, de 
grandes oscillations d'amplitude d&roissante. La pression 
f6morale montrait une oscillation diastolique unique de plus 
faible amplitude. La forme des courbes est apparue diff6rente, 
d~pendant du syst~me de liaison hydraulique utilis6, les arte- 
facts &ant plus marqu6s avec les prolongateurs les plus longs. 
En moyenne, la pression systolique radiale d6passait la 
pression systolique fEmorale pendant la vasoconstriction; ce- 
pendant, la pression systolique f6morale d6passait la pression 
systolique radiale pendant la vasodilatation (P < 0.05). Les 
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mesures oscillom~triques sous-estimaient la pression systo- 
lique, et ce, encore plus pendant la vasoconstriction. I1 n 'y 
avait pas de diff6rences dans les valeurs de pressions moyenne 
et diastolique. Conclusions. La vasoconstriction due ~ la ther- 
mor6gulation modifie la forme de la courbe de pression radi- 
ale, son pic de pression systolique est faussement augment~ 
compar6 ~t celui de la pression f6morale. Les m~diocres r6pon- 
ses dynamiques des syst6mes d'enregistrement d~forment da- 
vantage encore la forme des courbes de pression. En consd- 
quence, la pression de l'art6re radiale peut ~tre cause d'erreurs 
chez les patients vasoconstrict6s. 

ABSTRAKT. Hintergrund. Thermoregulatorische Vasokon- 
striktion erh6ht lokal die arterielle Wandspannung und den 
Widerstand in den Arteriolen, wodurch sich die physikal- 
ischen Eigenschaften der Arterien ver~indern. Die arterielle 
Druckkurve stellt ein oszillatorisches Ph~inomen dar, das auf 
diese physikalischen Eigenschaften zurfickzuftihren ist. De- 
mentsprechend untersuchten wir die Wirkungen thermoregu- 
latorischer Vasomotorik auf den zentralen und distalen arter- 
iellen Blutdruck unter Verwendung von drei hydraulischen 
Verbindungssystemen mit verschiedenen dynamischen Reak- 
tionsarten. Methodik.  Wir untersuchten sieben gesunde Frei- 
willige. Der zentrale arterielle Druck wurde in der Femoralart- 
erie gemessen, der distale Druck in der A. radialis. Dabei 
verwendeten wir 10,8 cm lange 20-G-Katheter. Drei hydrau- 
lische Verbindungssysteme wurden verwendet; a) ein 10 cm 
langer Konnektor mit einem Innendurchmesser von 2 ram, 
b) ein 150 cm langer Konnektor (Innendurchmesser 1 mm) 
(Combidyn?p004,041? 520-5689, B. Braun) sowie, c) ein 
Konnektor mit 180 cm L~inge und einem Innendurchmesser 
von 2 mm (Medex MX564 und MX562). Der Druck in der 
A. brachialis wurde oszillometrisch gemessen. Die Kerntemp- 
eratur wurde am Trommelfell abgenommen. Der Vasomo- 
toren-Index, definiert als der Quotient aus der Differenz von 
Fingertemperatur minus Raumtemperatur geteilt durch die 
Differenz yon Kerntemperatur minus Raumtemperatur, war 
das Ma[3, um den Grad der Vasokonstriktion zu erfassen. Die 
Konstriktion wurde als fast maximal betrachtet, wenn dcr In- 
dex weniger als 0,1 betrug und als minimal, wenn er 0,75 
fiberschritt. Alle drei Minuten land eine Messung statt. Die 
Eichung der Null-Linie erfolgte, solange die Probanden noch 
warm waren. Danach wurden sie einer Zimmertemperatur 
yon 20-22~ ausgesetzt und lagen auf einer Matratze mit zir- 
kulierendem Wasser, dessen Temperatur 4~ betrug. Die Ab- 
ktihlung wurde solange durchgef'tihrt, bis der Index weniger 
als 0,1 betrug. Danach wurden die Probanden wieder aufge- 
w~irmt, indem die Wassertemperature bis 42 ~ angehoben 
und zus~itzlich warme Luft zugeftihrt wurde bis der Index 0, 75 
iiberschritt. Die statistische Analyse bestand aus A N O V A  und 
der Methodik der linearen Regression. Ergebnisse. Die ther- 
moregulatorische Vasokonstriktion war mit deutlichen Ver- 
~inderungen der arteriellen Druckkurve verbunden. Der 
Druck in der A. radialis zeigte, anstatt einer dikrotischen 
Einkerbung, weitl~iufige Oszillationen von abnehmender Am- 
plitude. Der Druck in der A. femoralis zeigte eine einzige 
diastolische Oszillation mit kleiner Amplitude. Die Druckkur- 
ven erschienen unterschiedlich, abh~ingig vom verwendeten 
hydraulischen Verbindungssystem; Artefakte traten bei Ver- 
wendung der lfingeren Konnektoren deutlicher auf. Im 
Durchschnitt fiberschritt der systolische Druck in der A. radi- 
alis den systolischen Femoraldruck w~ihrend der Vasokon- 

striktion; w~ihrend der Vasodilatation allerdings war es umge- 
kehrt (p < 0,05). Oszillometrische Messungen untersch~itzten 
den systolischen Druck und taten dies deutlicher w~ihrend der 
Vasokonstriktion. Zwischen den Werten des Mitteldruckes 
und des diastolischen Druckes ergaben sich keine Differenzen. 
Schlu~folgerung.  Thermoregulatorische Vasokonstriktion 
ver~indert die Form der arteriellen Druckkurve in der A. radi- 
alis; artefaktbedingt kommt es zu einem Anstieg der systol- 
ischen Druckspitze im Vergleich zur Femoralarterie. 
Schlechtes dynamisches Verhalten des Registrierungssystems 
ver~indert ebenfalls die Wellenform. Folglich kann die Mes- 
sung des Radialisdruckes bei Patienten mit Vasokonstriktion 
irrePtihrende Wcrte erzielen. 

RESUMEN. Objetivos. La vasoconstricci6n termorreguladora 
aumenta localmente la tension de la pared arterial y la resisten- 
cia arteriolar, alterando en consecuencia las propiedades fisicas 
de las arterias. La onda de presi6n arterial es un fen6meno 
oscilatorio relacionado a dichas caracterfsticas ffsicas; por lo 
tanto, estudiamos los efectos de la respuesta vasomotora ter- 
morreguladora sobre las presiones arteriales central y distal, 
usando tres acoples hidr~iulicos con diferentes respuestas di- 
nilmicas. M6todos.  Estudiamos siete voluntarios sanos. La 
presi6n arterial central fue medida en la arteria femoral y la 
presi6n distal en la arteria radial, usando cateteres de 10.8-cm 
de largo 20-ga. Tres acoples hidr~ulicos fueron utilizados: a) 
10-cm de largo 2-mm diametro interno; b) 150-cm de largo y 
l-ram diametro interno; c) 180-cm de largo y 2-mm diametro 
interno. La presi6n braquial fue medida mediante oscilome- 
trfa. La temperatura central se midi6 en la membrana timp~- 
nica. Se us6 como indice de vasoconstricci6n el indice vaso- 
motor, definido como temperatura digital menos temperatura 
ambiente dividido por temperatura central menos temperatura 
ambiente. La constricci6n se consider6 mfixima cuando el 
indice era menos de 0.1 y minima cuando excedia 0.75. Se 
obtuvo mediciones cada tres minutos, las lecturas basales con 
los sujetos abrigados. Luego fueron expuestos al aire ambiente 
a 20-22~ y a una frazada t~rmica con agua a 4~ hasta que 
el fndice baj6 a menos de 0.1. Luego fueron recalentados medi- 
ante circulaci6n forzada de aire caliente y subiendo la tem- 
peratura del agua de la frazada t~rmica a 42~ hasta que 
el indice excedi6 0.75. Los resultados se analizaron usando 
ANOVA y regresi6n lineal. Resultados. La vasoconstricci6n 
termorreguladora se asoci6 a cambios marcados de la onda de 
presi6n arterial. La presi6n radial mostr6, en lugar de la onda 
dicrota, marcadas oscilaciones de amplitud decreciente. La 
presi6n femoral mostr6 una oscilaci6n diast61ica tlnica de 
menor amplitud. La forma de onda fue diferente segfin el 
sistema de acople hidr~ulico usado, siendo el arterfacto m~s 
marcado con los conectores m~s largos. En promedio, la pre- 
si6n sist61ica radial fue mayor que la presi6n sist61ica femoral 
durante vasoconstricci6n; sin embargo, durante vasodilataci6n 
la presi6n sist61ica femoral fue mayor que la radial (p < 0.05). 
La medici6n oscilom~trica subestim6 la presi6n sist61ica, m~s 
maracademente durante vasoconstricci6n. No hubo diferen- 
cias en los valores de presi6n media y diast61ica. Conclus-  
Jones. La vasoconstricci6n termorreguladora altera la forma de 
onda de la presi6n arterial radial y exagera su presi6n sist61ica 
m~xima, comparada con la arteria femoral. La respuesta di- 
n~imica de los sistemas de registro aumenta la distorsi6n de la 
serial. En consecuencia, la presi6n arterial radial puede inducir 
a error en pacientes vasocontraidos. 
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INTRODUCTION 

Arterial blood pressure in critically ill patients fre- 
quently is measured from a radial artery catheter. It is 
well known, however, that the pressure in the radial 
artery differs from that obtained nearer the heart [1-14]; 
this is due to the physical characteristics of the arteries 
that affect propagation and reflection of pressure waves 
[1-5,12,13,15]. Faulty dynamic response of hydraulic 
coupling between the artery and transducer may further 
distort the accuracy of  pressure measurements [3]. 
These differences could be sufficiently large to alter pa- 
tient management inappropriately. 

Thermoregulatory responses to cold include vaso- 
constriction in the areas having arteriovenous shunts, 
such as the hands, feet, nose, and ears [16,17]. As vaso- 
constriction augments resistance to flow, hydraulic arti- 
facts, such as water-hammer effect and enhanced wave 
reflection, may result from the locally increased resis- 
tance [2-5,8,11]. Consequently, arterial pressure in the 
radial artery may differ substantially from that in the 
aorta. One typical result is a higher peak systolic pres- 
sure in vasoconstricted patients [1-6,8,10-15,18-21]. 

The aim of this study was to establish whether ther- 
moregulatory vasoconstriction increases the difference 
between radial artery pressure and femoral, artery pres- 
sure in healthy volunteers. As the recording system may 
significantly alter the arterial pressure waveform, we 
also studied the effect of three hydraulic couplings, each 
having different dynamic characteristics. Additionally, 
we compared blood pressure determined oscillometri- 
cally with that measured intraarterially. 

METHODS AND MATERIALS 

Following approval by the Research Ethics Committee 
of the School of Medicine, we studied 7 young, healthy 
male volunteers. Their ages varied from 21 to 26 yr, 
they weighed between 68 and 87 kg, and were 167- to 
185-cm tall. After the experimental protocol and the 
potential hazards associated with arterial catheterization 
were explained, all of the volunteers gave informed 
consent. 

Protocol 

The volunteers were supine on an intensive care bed, 
lying on a circulating-water mattress (Blanketrol II, 
Cincinnati Sub-Zero, Cincinnati, OH) set to 40~ and 
covered by wool blankets during the insertion of the 
arterial catheters and placement of temperature probes. 
Following local infiltration with 2% lidocaine, the fem- 

oral artery was punctured at the groin and the radial 
artery was punctured at the wrist. Using a modified 
Seldinger technique, one 10.8-cm-long, 20-gauge plas- 
tic catheter (Arrow FA-04020-E, Arrow International, 
Inc., Reading, PA) was inserted at each location. 

Core temperature was measured with a tympanic 
membrane thermocouple and fingertip temperature 
with a skin thermocouple (Mon-a-Therm, Mallinkrodt 
Medical, Inc., St. Louis, MO). Both were connected to 
a Mon-a-Therm, Model 6510 electronic thermometer. 
The tympanic probe was slowly inserted through the 
external auditory canal until the subject felt a distinctive 
sharp sensation; the probe was then securely taped in 
place. Ambient temperature was also recorded. Ther- 
moregulatory vasoconstriction was evaluated using the 
vasomotor index [16]. This index is calculated as fin- 
gertip temperature minus ambient temperature, divided 
by core temperature minus ambient temperature. The 
index thus varied between 0 and 1; values less than 0.1 
indicate near-maximal vasoconstriction, whereas values 
exceeding 0.75 indicate near-maximal vasodilatation. 

Baseline measurements were obtained with the sub- 
jects comfortably warm. Then, the temperature of the 
water mattress was decreased to 4~ the wool blankets 
were removed, and the undressed subjects were ex- 
posed to ambient temperature (20~ to 22~ Conduc- 
tive cooling was augmented by convective cooling ap- 
plied with a fan. The skin probes were protected from 
direct convective cooling by gauze sponges. Measure- 
ments were repeated at 3-min intervals, until the vaso- 
motor index was less than 0.1, and the finger tempera- 
ture differed from the ambient temperature by less than 
1~ At that time, a set of measurements was obtained; 
immediately afterwards, rewarming was initiated by 
means of a forced-air warmer (Bair Hugger Model 200, 
Augustine Medical Inc., Eden Prairie, MN) and by rais- 
ing the temperature of the circulating-water mattress to 
42~ Measurements were repeated until the vasomotor 
index exceeded 0.75. 

Each arterial catheter was coupled to a calibrated 
transducer possessing a volume displacement less than 2 
p.L/100 mm Hg (Model MX860, Medex Inc., Hilliard, 
OH). Coupling was done by means of  three hydraulic 
connectors having different dynamic responses: (1) a 
saline-filled, 10-cm-long, 2-mm internal diameter con- 
nector (Model 07/0010, Dispomedica GmbH, Ham- 
burg, Germany), which due to its short length and rela- 
tively wide bore was expected to present minimal 
artifact; (2) a saline-filled, 150-cm-long, 1-mm internal 
diameter connector specifically designed for arterial 
pressure measurement (Combidyn 520-5689, B. Braun, 
Melsungen, Germany); and (3) a saline-filled, 180-cm- 
long, 2-ram internal diameter connector (Medex 
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MX564 and MX562). Measurements were obtained by 
sequentially selecting each one of  the three connectors 
by means of  stopcocks. 

The system was filled carefully, avoiding, as far as 
practical, the presence of  gas bubbles. The arterial cath- 
eters were continuously flushed with heparinized saline; 
flushing was discontinued at the time of  measurements. 

Dynamic responses were measured in vitro by means 
of  an artificial pressure generator (Model 601A, Blood 
Pressure Systems Calibrator, Bio-Tek Instruments, 
Inc., Winooski, VT). Natural (resonant) frequency, ~00, 
was calculated from the period "r of  the oscillations in- 
duced by applying square wave pressure changes from 
140 to 80 mm Hg. The value was corrected according 
to 

1 
~Oo ~ IWi._~_ ~ , (1) 

where [~ was the damping coefficient of  each system, 
determined from the time decay of  the pressure oscilla- 
tions by using the formula, 

~ r  In 2 (x n + 1/x,) 
= 2 + in 2 (x, + 1/x , ) '  (2) 

Where x is the half-oscillation amplitude and n the ordi- 
nal number of  each half-oscillation [3]. The in vitro 
dynamic characteristics of  the three connectors are 
shown in the Table. The in vivo frequency response of  
the entire system was verified for each subject by the 
step-pressure test [13]. 

Pressure waveforms were acquired on a personal 
computer, sampling at 200 Hz. The values of  peak sys- 
tolic, mean, and diastolic pressures were manually re- 
corded from the oscilloscopic monitor (E for M/H o n -  
eywell OM-4, Paramus, NJ). Additionally, ipsilateral 
brachial artery pressure was measured oscillometrically 
(Dinamap Model 1846SX, Critikon, Inc., Tampa, FL). 

Once the measurements were completed, the cathe- 
ters were withdrawn and firm compression was main- 
tained at the groin and wrist for 15 rain. The subjects 
were instructed to maintain a low level of  physical ac- 

In Vitro Dynamic Characteristics of the Three Hydraulic 
Connectors 

Natural (Resonant) Damping 
Hydraulic Coupling Frequency, co 0 (Hz) Coefficient (6) 

10 cm, 2 mm ID 50.5 0.13 
180 cm, 2 mm ID 20.2 0.16 
150 cm, 1 mm ID 17.2 0.24 

tivity for 24 hr to prevent extravasation of  blood from 
the arterial puncture sites. 

Statistics 

Data were analyzed using one- and two-way analysis 
of  variance. Linear regression was applied to determine 
correlation between variables. Results are expressed as 
means __ standard deviations; p < 0.05 identified statis- 
tically significant differences. 

RESULTS 

Thermoregulatory vasoconstriction was associated with 
marked changes in the radial artery pressure waveform 
that were remarkably uniform in each subject. In lieu 
of  the dicrotic notch, marked oscillations of  decreasing 
amplitude, suggestive of  standing waves [12], were seen 
(Fig 1). This change became apparent early during cool- 
ing, and was most pronounced at the time maximal 
vasoconstriction was reached. It was reversed soon after 
the initiation of  rewarming, returning to normal before 
rewarming was completed. During vasoconstriction, 
the changes of  the femoral artery pressure waveform 
were less marked than those seen at the radial artery, 
and consisted of  the appearance of  a single diastolic os- 
cillation (see Fig 1). Therefore, the radial arterial pres- 
sure contour was altered to a larger extent than was the 
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Fig I. The effect of thermoregulatory vasoconstriction on femoral 
and radial arterial pressure waveforms is shown in the lower trac- 
ings, compared with the normal situation (upper tracings). Marked 
oscillations and disappearance of dicrotic notch may be noticed in 
the radial artery waveform, while the femoral tracing shows a com- 
paratively small diastolic oscillation. These changes were not due 
to transmission of shivering movements, as they were present only 
in the radial artery. Similar changes were observed in all subjects 
studied. 
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Fig 2. Femoral and radial arterial pressure tracings obtained from 
one subject during maximal thermoregulatory vasoconstriction, us- 
ing three different hydraulic coupling systems. Artifactual wave- 
form distortion of the radial artery pressure became evident when 
the longer connectors were utilized. 

femoral, thus increasing the difference between the sites 
during exposure to cold. 

The alteration in radial artery pressure waveform was 
augmented by the use of longer connectors, distortion 
being more marked when the 180-cm-long, 2-mm in- 
ternal diameter connector or the 150-cm-long, 1-mm 
internal diameter connector were used (Fig 2). 

There was significant correlation between the femo- 
ral-to-radial systolic pressure gradient and the degree of 
vasoconstriction. On the average, radial peak systolic 
pressure exceeded femoral peak systolic pressure during 
vasoconstriction; however, femoral systolic pressure 
exceeded radial systolic during vasodilatation (Fig 3). 

There was no difference in mean and diastolic pres- 
sures between the radial and femoral sites, both during 
vasoconstriction and during vasodilatation, although 
the values were higher during vasoconstriction in all 
subjects (Fig 4). Immediately following initiation of re- 
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Fig 3. This figure correlates the difference in peak systolic pressure 
between the radial and femoral arteries, with the degree of vasocon- 
striction as indicated by the vasomotor index. Systolic pressure in 
the radial artery tends to exceed that measured in the femoral site 
during vasoconstriction (smaller values of vasomotor index). How- 
ever, during vasodilatation (larger values of vasomotor index), the 
difference appeared to reverse, with systolic pressure becoming 
larger in the femoral than in the radial site. In spite of the large 
dispersion of the data, statistical significance was reached. All 
points represent measurements obtained using the shortest hydraulic 
coupling system. 

warming, systolic femoral pressure decreased from 147 
+ 15.4 mm Hg to 133 + 14.1 mm Hg (p < 0.02), 
before fingertip temperature or vasomotor index had 
increased noticeably. 

The systolic pressures measured by the oscillometric 
system were significantly lower than those measured 
intraarterially, more markedly so in the radial site. The 
difference increased further during vasoconstriction (see 
Fig 4); differences between radial systolic and oscillo- 
metric systolic pressures in excess of  40 mm Hg were 
observed in some of the individuals. Oscillometric read- 
ings of mean and diastolic pressures were significantly 
lower than intraarterial measurements; however, the 
difference was small and did not increase with thermo- 
regulatory vasoconstriction (see Fig 4). 

Core temperature changes were similar in all patients: 
Surface cooling was associated with a significant in- 
crease in tympanic membrane temperature, from 
36.8~ + 0.29~ to 37.0~ -+ 0.15~ < 0.02, while 
the initiation of rewarming was associated with a sig- 
nificant decrease, from 36.8~ +- 0.3~ to 36.5~ + 
0.2~ p < 0.01. 

All subjects presented obvious shivering soon after 
surface cooling was initiated; but, it had for the most 
part subsided at the time rewarming was started. The 
oscillations in the radial artery pressure were not due to 
transmission of shivering movements to the transduc- 
ers, as they were more marked toward the end of the 
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Fig 4. Decreased vasomotor index, which indicates vasoconstric- 
tion, was associated with significantly increased systolic, mean, and 
diastolic pressure, both intraarterially and oscillometrically, in all 
the study subjects. Oscillometry significantly underestimated sys- 
tolic, mean, and diastolic pressures during vasodilatation and dur- 
ing vasoconstriction. The difference in mean and diastolic values 
was comparatively small, while the error in systolic pressure mea- 
surement was larger and even more marked during vasoconstriction. 
The use of longer connectors appeared to increase the measured ra- 
dial systolic pressure; however, mean and diastolic pressure mea- 
surements were not changed. Mean and diastolic pressures did not 
differ between the femoral artery and the radial artery, 

cooling period, when shivering had decreased. Further- 
more, the oscillations were present in the radial, but not 
in the femoral, artery; if they were an artifact of shiv- 
ering, the oscillations should have been equally promi- 
nent in both sites. 

DISCUSSION 

Differences between radial and femoral artery wave- 
forms were expected, as vasoconstriction alters wave 
propagation and reflection, and, consequently, the arte- 
rial pressure contour [2,4,5,12,13]. The magnitude of 
the waveform alteration induced by vasoconstriction 
and its reproducibility, however, had not been antici- 
pated. Similar waveforms showing prominent oscilla- 
tions are sometimes observed in clinical practice; how- 
ever, they often have been attributed to hydraulic 
artifact and suppressed by the use of in-line dampeners. 

The difference between femoral and radial peak sys- 
tolic pressure associated with thermoregulatory vaso- 
constriction has been previously reported in abstract 
form [19,20]. This systolic femoral-to-radial gradient, 
and the observed difference between automated oscil- 
lometry and radial artery systolic pressure, are clinically 
relevant, insomuch as pressure readings diverging by 

more than 30 mm Hg may induce misdiagnosis and 
inappropriate therapeutic intervention. Furthermore, 
the vasoconstriction-induced difference between radial 
and femoral pressure may be artifactually augmented 
by underdamped hydraulic coupling systems possessing 
low natural (resonant) frequency. 

Systolic, diastolic, and mean arterial pressure in- 
creased during thermoregulatory vasoconstriction in all 
the study subjects, which is in agreement with previous 
reports [16,17,21]. However, the magnitude of the 
change was comparatively small and unlikely to be clin- 
ically important. The core temperature changes during 
cooling and rewarming are also in agreement with pub- 
lished results [21]. 

The arterial pressure waveform is a complex phe- 
nomenon, resulting from the interaction between ven- 
tricular ejection and the physical characteristics of the 
arteries. It differs depending on the location of measure- 
ment: Blood pressure measured in the aorta possesses a 
more rounded form and a higher dicrotic notch, 
whereas arterial pressure measured distally presents a 
steeper systolic ascent, a higher systolic peak, and a 
lower dicrotic notch [2,5,6,8,11]. These differences are 
due to different propagation velocities of the various 
frequency components [15], conversion of kinetic into 
pressure energy in the distal arteries as the blood decel- 
erates [8], preferential amplification of frequencies that 
coincide with the natural (resonant)frequency of the 
arteries [3], and wave reflection at the sites of bifurca- 
tion or narrowing [4,5]. 

Systolic blood pressure is normally higher in the ra- 
dial artery than it is in the aorta. This difference was 
originally reported in experimental animals and it has 
been repeatedly confirmed in patients [1-3,6,8,19,20]. 
As the higher frequency components travel faster 
through the arterial walls, they arrive earlier to the pe- 
riphery. The waveform contour results from the sum- 
mation of all frequency components [2-5, I2-15,18,22]; 
if the initial part of  the systolic ascent is composed of 
faster frequency components, as is the case in the distal 
arteries, then the slope of ascent is steeper and a higher 
peak pressure may result. This effect is enhanced by 
amplification of frequencies that coincide with the natu- 
ral (resonant) frequency of the arterial system [3]. In 
contrast, mean and diastolic arterial pressures are identi- 
cal, or minimally decreased, in the distal arteries, com- 
pared to the aorta [1-3,6,8]. 

As part of  thermoregulatory vasomotion, arterioles 
markedly constrict to limit blood flow, thus limiting 
heat loss, through the affected regions [16]. Therefore, 
flow velocity is markedly decreased on arrival to the 
distal end of the arteries, and kinetic energy is trans- 
formed into pressure (Bernoulli effect). During thermo- 
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regulatory vasoconstriction, the increase in resistance is 
largely restricted to the specific regions having arterio- 
venous shunts [16,17,20]; thus, arteriolar constriction 
increases in the hands and feet to a larger extent than in 
the rest of  the system. In spite of  the increased local 
resistance in the region supplied by the radial artery, 
total body (systemic) vascular resistance could, in fact, 
decrease, if cardiac output increases more than mean 
arterial blood pressure does, as may be the case in shiv- 
ering subjects [24]. 

The increase in arterial wall stiffness resulting from 
contraction of  smooth muscle in the arterial walls also 
affects the contour of  the pressure waveform, insomuch 
as increased wall stiffness increases the velocity of  wave 
propagation and reflection [5,7,9,13,15,18,22]. The 
pressure contour at each point in an artery results from 
summation of  the various frequency components of  the 
ventricular ejection, travelling down the arterial walls 
and back from the periphery [15]. If the velocity of  
propagation and reflection of  the wave components in- 
creases, as is the case when wall stiffness is increased, 
both the centrally measured and distally measured arte- 
rial pressure waveforms may change their contours, ac- 
quiring a steeper upstroke, a more pronounced early- 
diastolic reflected wave, and a higher peak pressure [5]. 
Also, wave reflection is enhanced by the increased arte- 
riolar resistance, resulting in increased peak systolic 
pressure and earlier reflection of  the diastolic secondary 
wave [14,15]. This reflection may arrive back in the 
ascending aorta even before the end of ejection, thus 
increasing aortic input impedance and systolic peak 
pressure [7,9,11-13,18,22,23]. 

Shivering is associated with elevated sympathetic ac- 
tivity, higher cardiac output, and increased plasma cate- 
cholamines [24]. These factors may also alter the physi- 
cal characteristics o f  the arterial circulation by increasing 
contractile force of  the heart, resulting in larger energy 
transfer into the circulation during systole [11,25,26]. 
Thus, the combination of  a more forceful ejection, stif- 
fer arteries, and locally increased arteriolar resistance, 
may explain the marked changes of  radial artery pres- 
sure waveform that we report. 

Radial peak systolic pressure exceeded femoral sys- 
tolic pressure during vasoconstriction; but, the differ- 
ence was reversed during vasodilatation. This observa- 
tion supports our previous hypothesis that the lower 
radial than femoral arterial pressure observed after ex- 
tracorporeal circulation is due to decreased resistance in 
the hand vasculature [27,28]; this is also supported by 
the reports of  Hynson [20,21], Pauca [29], Gravlee [30], 
and Maruyama [31]. Furthermore, mathematical mod- 
els of  the arterial circulation have shown that simulated 
distal systolic pressure exceeded proximal systolic pres- 

sure when peripheral resistance was high; when resis- 
tance was decreased below normal, then the gradient 
reversed and distal systolic pressure became lower than 
central systolic [32]. It seems reasonable to speculate 
that earlier reports showing much larger radial systolic 
than aortic systolic pressures [1,4,6,8,10,11] may  have 
resulted from measurements obtained in markedly va- 
soconstricted animals and patients. 

In conclusion, thermoregulatory vasoconstriction is 
associated with marked changes in radial arterial pres- 
sure waveform, artifactually increasing its systolic 
value. The magnitude of  these alterations is clinically 
relevant and reinforces the need for careful interpreta- 
tion of  radial arterial blood pressure in vasoconstricted 
patients. 
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