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_ Abstract

The purpose of this study was to examinc the effects of .iwo different temperatures of

lherapeulrc cold, on skeletal muscle' blood flow. and cutancous cir:ulalion of the forearm.

13

Sixteen male volunleers aged 20 to 33 yrs (mean age = 25.55 £3.35 yrs.). were tested on

\

WO 0occasions wr[h a dlfferene water’ 1mmcrsron xempcralure used yfor each test.’ The

therapeutic temperatures used were 5 C and 10 *C, an{] were assrgned randomly to cach 3

subject. The sub)ecl s right arm was used for all expcmmental procedures. Proxrmal and drslal

. - T

blood flow were estimated. srmultan&gﬁy,-using mercury in silastic strain gaku‘gc venous

s

occlusion plethysmography: It has been establrshed eISewhcre lhal proximal and distal blood -

flow measurements, are represema(rve of muscle and skin circulatiop” respectively:’

‘ Plelhsymograp'hic_recor‘dings were made every minute, for 10 min. prior_1o/treatment (con-

lrol) 30 min. durmg rmmersron (experrmcmal) and for the min. following immersion

&
L d

(posl expenmemal)

v A series of two way anajysis of vériance tests with repeated _measures over both the
- . : f . : [ .

time and temperarure fécté;‘is wer'e utilised t{o analyse the data. The r’eeults indicated that both
lreatmen[ temperatures srgmf rcantly reduced the proxrmal and distal blood flow throughour
* thé 60 min. trea[mem perrc;d A'srgmﬁcam temperature effect was demonstratcd for the
proxrmal blood flow durmg lhe)expenmemal perrod During this perrod Lhe 10 C treatment
reduced proxrmal blood flow 1more than the 5 'C trealmem Drstal blood flow }vas not,

however rnﬂuen.cecl by: ghe treatmem temperature The. § C 1realed forearm exhrbrled a

4 N A

., Teactive hyperemra at the proxrmal and distal sucs but this reaction was not observed
proxrmal]y or drstally,» in the 10 .°C treated forearm.
Prevrous studres have mdlcated that the cutaneous blood flow and the skelcral muscle

blood flow - of lrmbs respond mdependemly 1o various sumulr Resulls from the present

s;udy suggest thal durmg the 10 'C treatmem the skm and muscle bbood ﬂows both appear

to decrease However for the 5 C treated forearm although the cutaneous blood ﬂow 1s

s

H‘educed the vasoconsmctron of the skeletal muscle blood ﬂow rs reduced and tends lo

counteract cutaneous changes
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B

Information is provided in the present étudy. that suggests that a 10 *C cold treatment

produces a more effectivesreduction (in forearm blood flow. than the 5 C treatment and does

. . £
not ¢licit a reactivgshyperemia. -
. : *
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1. l.’\'TROl)UCTlO.“\'

N

\
A. The Research Problem

Cold therapy has become the prefcrrcd ininal treatment for acute soft tissue sporting.
injuﬁes, over the last 20 vears (Chu & Lutt, 1969. Barnes. 1979, Kramer & Mendrvh, 1979)
" Such therapy is also popular in the latter stages of rehabilitation (Grant - 1904 ,‘ 1 ce & Warfen,

1978).

| The trauma from athletic injuries causes damage 10 local vascular structures, allowiny
direct hemorrhaging into the interstitial spaces. The inflammatory reaction 10 such mjuries,
tends to compound the primq_r_v damage suffered, by increasing blood flow to the myjuny e,
a'nd promoting cdema forrﬁalion_ through increased capillary permeability (Knight 1976, 1 cc
& Warren, 1978). Mucl'1 of the inflammatory response to soft Li.ssuc: injury is considered o be
an overreaction (Wise, 1973), creating excessive edema and-hematoma formation. An catlien
return Lo activity can be ensurec{, if the inﬂammatog‘rcacnon can be limited. and the subse
quent hematoma reabsorption‘can be facilitated.

It is claimed lhalvlocal cold application will mediate a local vasoconstriction, hm‘mn'g
hemorrhage and hematoma formation. It is also suggested that cold will reduce the metabolic
needs of the injured tissues, “reduce muscular spasm, and reducc pain associated with the
injury (Edwards, 1971, Kalenak et al. 1975, Knight, 1976 Barnes. 1979, Kramer & Mcm_ir‘\k.
1979, Hocutt, 1981).

v

Logically, cold trealrﬁenl should minimise the lqéa] consequences of injury, and a
Smaller'heﬁa[oma should result. From a -rehabilitation perspective, healing will be further
encouraged, if the ﬁematoma reabsorption can be facilitated. Traditionally, heating modaliticy
have been favoured to ‘supposedly ’incréase circulation 1o the injury silc; improving nutricnt
delivery, and héstefn‘ng the; reabsorption of edgmatous fluid and tissue debris. Coid treatment
in conjunction with Qloga‘l exercis%)e; has been advocated 'as potcm.ially _ﬁsci'ul in these
rehabilitative stages (Edyvgrds, {9?1. Wise, 1973). Cold Jthrough various -mechanisms, has been

. c \
shown to significantly reduce pdin sensation (Benson & Copp. 1974). The partial anesthegia

» .
. . s
o .
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alforded by cold trecatment permits gentle exercise of the injured parts. This exercise allows an
improvement in injury mobihl:\‘. an ncreassein blood flow 1o the exercising Parts, and g:éall_\-";_\’
assists Ivmphatic d;ainagc. It 1 also claimed that circulation can be further incr__cascdﬁ,‘#g_(:; 2‘
tocal reflex vasodilation 1o cold (Chu & Lutt, 1969, Edwards, 1971, Behnke., 1974). This ef -
fect 1s supposedly achieved, by m'anipulau‘ng the duration of the cqld application.

The theoretical basis for primary care cold 1herap)'_\ and late rehabilitative cold
therapy, s provided has been based on the ﬁndirigs of Lewis' (1930) classical study. Lgwis
observed that an initial vasoconstriction of 9 to 16 minutes duration, occurred in the cold
immersed ﬁngcr This mmal vasoconstriction was followed by 4 to 5 minutes of vasodilation,
untl replaced by a further vasoconstriction. This cvcling of local blood flow was termed by
Lewis o " the hunting rcsponsc".‘kor acule soft ussuc injury trcatments, cold épplicalion
attempts to avoid or minimise this hunting response. by limiting the duration of coolingi.
Rehabilitative cold therapy, howeyer, attempts to take a(‘i\'amagc of the hunting responsc. by
prolonging cold treatment until vasodilation occurs (Edwards, 1971, Wise, 1973). Knight
(1980) claims that Lewis’ (1930) findings ére often misinterpreted by cold therapy exponen:s.
Three points about Lewis' study should be considered when generalising from his results.
Firstly, Lﬁc studv was conducted on a highly vascular fingertip, rich with_arterio-venous
anastamoscs‘;.‘Secondl_\'. the fingertip has an atypical composition compared with most body
parts, in that ‘il is largély skin and bone with very little underlying skeletal muscle. Finally,
Lewis measured skin temperature and not decp blood ftow. In light of these considerations, it
weoald appear that many of the theories on cold therapy may be the- result of
overgeneralisations. } ’

'Expcrimenlal work on superficial heating (Roddie et al, 1956), and superficiall’cooling
(Clarke et al, 1958). have demonstrated that cutaneous and skeletal muscie blood flow
‘ rcs'ponzi i.ndependenllv.to various stimuli. Clarke, Hellon, éﬂd Lind (1958), in a forearm
coolmg cxpcr:mem found- that limb blood flow actuall\ increased gradually wuh tlme and-

that this increase was predominantly in the forearm musclq These T mdmgs ca&t doubh on the

" pronosed effects of cold orl deep blood flow.



\ 3
As the maMg soft tissuc athletic injuries are to the deeper structures of

the body. it is advantageous for therapists 10 be aware of the effects that cold will have on

blood flow to the decp as well as to the superficial structures.

-

.
B. The Purpose o

The purpose of the present $tudy. was 1o investigate the response of - forcarm
circulation lo;\'arying water bath temperatures. Venous occlusion plethysmography with
mercury in silastic strain gauges, was uséd 10 measure limt; blood flow. The measurement of

— m/,f\
volume changes in limbs. has long been used for the estimation of pcnipheral biood {low

(Hewlett & van Zwaluwenberg. 1909). Whitney (1953) adapted: the mercury i rubbet st
-

gauge for plethysmographic estimation of limb blood {léw. This technigue has been validated
bv simullaﬁcous water plethvsmography (DDahn and Hallbook. 1970). and b CAttacorporeal
p’crfgsion (Englund et al. 1972). This method is based on the assumption that the length of a
limb is fixca. therefore any increase in limb volume will be manifested in an increased
Lransvcrse.cr’oss sectionai arca. al any point along the limb length. The percentage change in
.Lhe sectional area will equal twice the percentage change of the circumference of that sccu’on,‘
as measured byichanges in the mercury strain gauge resistance (Whitney, 1953).

The forearm is an easily accessible and suitable limb for study,  containing
approximately 60% skeletal muscle (Hellon. 1963). Clarke. Hellon. and Lind (1958). noted
that the dista] portion of the forearm is predominantly- bone and cutancous tissuc, whereas the

al sécu'on Is largelv muscular tissue. These workers have demonstrated that distal and

proxxmal strain gauges, reﬂect skin and skelc{ﬁ muscle blood flow respecuvch T‘{ns technique

-of blood flow estimation was adoptedy for the present study, in an attempt o partition

~

cutaneous and muscular circulation in thg-?'orca_rm. Proximal and distal strain gauge plethys-

mography of the forearm was particularly suitabic for the present study,. as it was

+

non-invasive, and-permitted comparisons of blood flow over an extended period of time,

'I:hirty (30) minute imvmersioné in 5 °C and 10 "C water baths were condu'ctcd', with

<.

blood flow ibeingkmonilored during this time and for arother 30 minutes following thc



immersion. In this way blood flow responses to cold. and the after effects of cooling on the
. circulaton were monitored. Cold tap water was found 10 be approximately 10 “C under most

conditions, and the water tank temperature could not be maintained below 5 °C.

(. Research Hypotheses

Four null hypotheses were lcsle'd\' at the 0.05 level of significance as follows:
1. That there will b\c‘\\o significant difference between the 5 °C and 10 °C
treatment effectst on proximal blood fl;:v.
2. That there will be no significant difference between the 5 °C and 10 °C

treatment effects, on distal blood llow.

3. That there will be no significant difference in proximal blood flow,

! ' from pretest proximal blkoo‘d ﬂovx:_- over lime.
4. That there will be ‘no significant difference in distal blood flow. from
pre-tgst distal blood flow, over time. |
These hypotheses will be examined in the context of the experimental period. the
. post-experimental period, and the experimental and post-’experimern‘tal " periods
” together as a single treatment period. .
D). Limitations of ihc Siudy . » -

The limitations of ‘tlre present study include:

1. The accuracy of skeletal muscle and cutaneous blood flow measurement

by p;oximﬁl and digtal strain gauge plethysmography respectively.

)

The assumption that the expansion of the Torearm with venous

.occlusion was radially isotropic. o

3. - That the high cbmpliahce of the mercury in silastic strain gauges,
~ resulted in no tissue deformation.
4, ‘T“hat‘a linear -relationship between change in gauge length and change in

gauge -resistance existed.



B

n

5. That temperature changes did not significantly alter the straif gauge

sensitivity and subsequent blood flow calculations.

HE
A -

o 6. That forearm girths did not significantly alter during the caperiment .

[
o

E. Delimitations of the Study

B !

The present study was delinfited by the following factors:
N

1. The wuse of normal, male, university aged volunicers, - with 1o

S

» : »:-
cardiovascular anomalics.
K)‘ : . ..‘\’. - . .
2. The use of subjects living in a cold ambient environment .
4 - 3. The measurement of blood flow with mercury.in sifastic strin gange
3 ‘ BT S
‘ plethysmography. P PR

4. The two water bath temperatures used in the study, of S °C and 10 °C. - /—4
5. .The recording of blood flow for 10 min. prior o cold immersion. 30
min. during cold immersion, and for 30 min. {ollowing the immeTsion.

- " : . “

F. Definition of Terms

Plethysmography:
‘The measurement of volume changes. For the present study. forcarm
volume changes were monitored during venous occlusion, for the cstimation

'

of forearm blood flow.
p)

' Vasocohstriction:
Refers 10 a decrease in local ‘blood flow, caused by a decrease i the

diameter of the vasculature. : ’ : o



Vasodilation:

Refers to an increase in local blood flow, due to an increase in the diameter

of the local vasculature. Previous studie§ make no reference to resting blood

flow levels, so that vasoconstriction and vasodilation are not relative terms,

and merely indicate a chamge m blood flow:



.

(Sparks, 1978).

II. REVIEW OF THE LITERATURE
A. The Skin

Circulation )
L]
The cutaneous <irculation is highly .variable, accbrding 1o the region of the body, the
/ .

A

age of the person. the existence of adjacent structures, and the cnvironmental stresses

-

Skin consists of two main lavers, an epidermis. which is the waterproof fayer of cells
) |

in varying stages of keratifisation, and an inner laver known as the dermis or corium. The

dermis is- the connecnve tissue. layer subporting the epidermis, and contains blood vesscly,

)

lymphatics, sensory nerves and receptors. sweat glands and ‘hair follicles (Marpes 1905,

‘Roddic 1983). Decp 10 the d‘errms is the subcutaneous layer of connecctive tissue, fat cells and

ner\g{s.

VA ‘

4 \ g
Arteries serving the skin enter the -subcutaneous laycr. where they branch and

- anastamose freely 10 form a horizontal subcutaneous arterial plexus. Small branches of the

subcutaneous arter}cs give rise 10 a capillary,network between the fat cells, while others

penetrate the dermis to form a dermal arterial plexus. Capillary networks again form from

iy

branchg, 10 sur?bund sweatl glands, fat cells, and hair follicles. Arterioles ascend from the

)

4 . dermal arterial plexus to form a further herizontal plexus of metartcrioles, in the sub papillary

region. Metarterioles or capillaries ascend -from this to form hairpin-like loops into ‘the

fpapillae.z'fhe distal capillary descends to join a subpapillarv venous pléxus. Venules dcsccnd

%

f;om this level into the small veins of the dermal venous plexus, parallclmg the ancrml

s vasculatu%e back to the deep veins, Many mterconnecuons or shon dTouits may oceur ‘within

this system, but those descnbed above are the prmcxple plexuses (Sparks 1978 Mxllmgmn et

~o

/

al, 1983)

P ® The smooth muscle coats of - the arterioles graduafly become thchr as they asccnd v
2 o ‘ '
unul the caplllarxes and venules are left thh no. smooth muscle coal al all. The capnllanqs and

!

«

A



venules do however contain endothelial cells which could have contractile properfiqs (Sparks,

197%). ,

Artcrio-venous a;naslam_oscs are found in certain areas of the body only. These are
“i"lhorouvghf'arc channels, with several la;lcrs of smooth muscle coat, able to shunt large volumes ,
of blood . According 10 Roddie (1983), arterio-venous anastamoses have not been identified
in the skin of the forearm. ‘ N

Precapillary sphincters have been isolated in the cutaneous circulation, 'and are capabie
of comro.lling blood flow through the capi‘llar‘y beds (Millington et al, 1983). The other
cutancous vascularity of note, is a lymphatic plexus originating in the papillary region; and
_funning parallel to the vcn(;us system back towards the body center.

The cutaneous circulation subserves twq main functions, firstly the nutrition of the

skin (tissue, and sccondly the conduction of heatl from the interna: structures of the bodv to

skin (Greenfield et al, 1963). Skin blood flow. in most situations. far exceeds Lhe ‘

-

the
metabolic needs of the skin (Millington et al, 1983). During severe heal stress, the skin blood
flow can account for up 1o 50% of cardiac output, or it can be reduced to virtually zero on

cooling (Roddie, 1983). A large function of the skin circulation is heat exchange. Roddie

Lt

(1983). claims that the most efficient héal exchange occurs at the terminal capillary loops

which lie clios'e'é'l to \t\rk} skin, and boas'tr'[hé greatest surface area. Other heat exchange
mechanisms, i}gcludé an extensive subcutanem.)s vTenous pl_;:xus. capable of holdihg large.
quanlf(iés of blood to heat the skin surface, and the arteriovenous anatamoses. These struc--
Ltures are capable of floodmg the subcutaneous venous plexus directly with arterial blog,d

specdmg the exchange of heat (Guyton, 1976).

Control of Circulation T

CS el e - . . ~ - . a

.

The comrol of blood f Iow to the various vascular beds is dependem on the reactmty‘
of the smooth muscle cells of the small artenes arternoles, precapillary Sphmctcrs,'

‘ artcno_—venous anastamoses,‘ venules. and veins. The smooth muscle cells of the ‘small_

resistance vessels and veins, often display spontaneous -contractile activity, are stretch sensitive -

I
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and r\espond directly_to humoral and ph}fsical slimulalAion‘(Marshall, 1980). Smooth muscie”
sensitivity to blood born ncurorransmirlcr substances will depend on the distribution of £
~ alpha and beta receptlor sites. Thel so called beta rc;cplors, are generally associated with |
- vasodilation and have a high af\ﬁnir)' for adrcna‘linc. However, in genceral alpha rcccplo‘rs are
,{_cxciled mainly by noradrenaline and mediate a vasoconstriction (Marshall, 1980, Little, 1981).
The arterioles, arterio-venous anastamoscs, \'cnules_'and particularly the veins of lhc
cutaneous vascular bed, are innervated by sympathetic adrcncrgig nerve fibers (Sparks, 197§,

Rowell, 1983). It appears that beta receptors in. the cutancous vessels are rare, and probablh

do not exist at all (Rowell, 1983). The sympathetic adrenergic fibers are seldom quicseent,

according 10 Vander Sherman. and Luciano (1980). and Lonscqucmh alwavs mantain - B

degree of vasoconstrictor tone in the skin vessels. This appears 10 br truc for man, ol the

culaneous arcas_ most notably, thosc arcas with abundant arterio- venous anastarfioses. Blood
4 - .
L)

flow is reduced in these areas, which tend 1o be the distal parts of the anatomy (acral). by

increasing vasoconstrictor tone. An increase in blood flow is brought -about by a reduction in

&

vasoconsltrictor tone (Roddie 1963).

It is estimated by Sparks (1978) ‘that  in”*tHermally comfortable  subjects,
approximately one half of the total skm ,blood flow is to the hands, head, and feet (Sparks

1978). These acral areas are rich in artgfjo- venous anastamoses, and thereforc are able lo alter

blood flow rapidly in response to varying sy.rfnp_athetic adrenergic discharge (Sparks, 197%).

N As describeg® r EViousz the cu;aneous vascular bed of the forcarm -has few

arterro venous an#stamoseS, and therefore has a relatively low restmg blood flow The
forearm skin, however, has an active vasodilator mechanism mediated through sympathclic _

. . { . ,
fibers _(ﬂRoddié, 1983). These fibers . release acetylchdlinc, which as wecl as having a direct

dilator effect on the vessels (Whelan & Skinner, 1'963); provokes sweal 'gland activity

(.Gre‘enfi_c‘:ld,_, 1963). The sweat formed contains a bradykinin forming ¢nzymc, which acts on.

'the protein in subcutaneous tissue spaces; to form "bradykinin (Roddié,‘l983)'. Bradykinin is 4

potem vasodilator, which diffuses mto the b]ood vessels . in the - rmmedralc area (I)ownu o

1964). Whrle vasoconstrrcror tone may be the key o blood f low comrol in many parrs of the

«
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skin, in the forearm the.vasodilator mechanism is the main regulator of: cutaneous circulation

'

(For & Edholm. 1963). In fact in comfortably warm subjects, the vasoconstrictor tone in the

forcarm cutancous, vessels, may be fully released (Roddie, '1983).

Factors Influencing Circulation
Skin blood flow can range from 0 - 75 ml.Z100 ml. of tissue/min. (Sparks, 1978). de-

pending upon the environmental conditions and the homeostatic responses within the body.

Exercise

The effect of exercise on the blood flow in uninvolved vascular beds, has beén
closcly studied (Brengelmann et al, 1977). In response to lower limb exercise there is a
transicnt initial vasoconstriction, followed by a longer vasodilation. The initial rise in
arterial pressure during exércise, is_thought to be the result of the vasoconstriction (a
smooth muscle response 10 sllvrclch . and the ‘responsc 1o increased internal body

1empt:raturc, for the eventual vasodilation (Roddie, 1983).

Changes in pressure

The ca‘rdiopulmonéry :syslem confains various _baroreceptors responsive {0 pressure
and postural changes.‘ These receptors regulate blood flow to rr;aimain suitable perfusion
pressures. The influence of these rr;cys on cwianeous blood flow has not been

satisfactorily defined' (Mancia & Mark, 1983), although it is npl thought to be a major
effect. ‘ -7 ‘ S ° |

£

. _Emotional stress |

Sevcre emotional stress causes a vasodilation in skeletal muscle,. but it s ef fect on

v

. the cutaneous c1rculauon is - uncertain (Roddle 1983) In the hands and feet (acral
rchons) an initial vasoconsmcuon occurs in reSponse to an alerting sumulus However

in nonacral skin segmems there does not’ appear to be any react;on It is possible tﬁLat

’
N 3

swealmg in response 1O stress, mggers a vasodllauon which balances any vasoconstncuon

y

that does occur’,(Roddxe, 1983)

&

“)



Temperature

As described above, onc of the major functions of the cutaneous circulation is
that of heat exchange. The dramatic effects that changes in local temperature have on
skin blood flow, are therefore not unexpected.

The core temperature of the body should ideally be maimaing‘d al a temperature
conducive to metabolic activity. The‘slﬁcll of the body usually has a much tower mcan

temperature than the core, so that a thermal gradient exists from core to skin. The body 's

.
-

thermoregulatory system attempts to maintain this9constant thermal gradient, despite the

loss or absorption of heat at the surface (Fischer & Sblpmoh_ 1965, Wise, 1973).

AN
- \

The cutineous responses 1o moderatt localised temperature change, serve 1o assist
body temperature regulation by vasoconstricting to cold stimuli, and vasodilating to warm
ones. If the thermal stimulus is extreme and potentially damaging, thc reaction serves 1o

| .
reduce the hazard often at the C\pcnsc of thermal economy (Hellon, l%s)

From studies completed on the circulatory responses to local hAcaling. it appears
that the increase in flow is confined entirely to the skin (Foa & kdholm, 1963, Hellon,
1963). Roddie (1983). postulates that the increase in forearm skin bloed flow with local
heating, occurs in two phases. The first phase is only a small perccmégc ‘of the total
circulatory increase, but it does invqlve a répid change. He attributes this_ increase 1o the
release of vasoconstrictor tane. The more prolonged second phase, coihcidcs with ‘the’ -
onset of sweéting and bradykinin production, thought to be paﬁ of the sympalhétia
vasodila'tor mechém'sm. )

| There appears to be three main mechanism.s.“'ﬁor circulatory responses 0 hcating.
The ﬁrst mechamsm of decreased vasoconstrictor lorfé , Telates 10 a -reduced “smooth 7

0.9
0. Q‘.

muscle” responsweness caused by the dlrect ef fects of heat on thc smooth musclc Lcll '

The second mechanism involves the cutaneous thermorcccptors Cold receplors rnspond {§)
'?i, B

warmmg ‘by thhibiting knr dlschargc and the warm reccptors by a proportionate increasc
in dlscharge rate (Down‘ey, 1964). This altered neural outpul mm’atcd by the

therrnoreceplors wxll enher resull in-a reduced adrenerg‘ic acnvuy causing a f urlhcrv‘
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rclease of vasoconstrictor tone, or an increase in cholinergic activity and the vasodilator
mechanisms. Similiar changes are hrought about by an increased spinal cord and/or
.hypolhalamus lemperature, the third controlling meclﬁnisms.

The hypolhalamus_ 1s in fact the main thermoregulation center for responses to
warm and cold stimuli. The preoptic and anterior portion of the hypothalamus are '
predominantly warmth sensilive, with thefspmal cord and the peripheral skin receptors
being the most sensitive to cooling. All of this information is thought 1o be integrated in
the poslc‘rior hypothalamic region (Wise, 1973, Guyton 1976, Hellon, 1983).

The reaction of the skin blood vessels to cold is more complex, involving a num-
ber of factors which are ofien additive in their effects. and sometimes counteract each
other (Folkow et al, 1963). The vessels of the skin respond to moderate local cooling with

| a rapid and persisient vasoconstriction. It appears that there are at least five mechanisms
in op&ation o cause the vasoconstriction of the cutaneous vascular bed. Thc: inilial
reaction is caused by the direct effect of cold on the smoo'th muscle cells, causing a
contraction and conslriclion of the vessels (Folkow et al, 1963, Keatinge & Harman
1980) Superrm?)osed on this, are the reflex excitations of the vasoconstrictor fibers. The
stimulation of cold receptors has a vasoconstrictor effect through various pathways Cold
and warm receptors are dlsmbuted throughout the skin, wnh the cold receptors being
more numerous, (6 8 times more than warm receptors), and more superficial (0.1 mm
compared with warm rece‘ptors at a depth of 0.3.- 0.6 mm) (Newburgh, 1968 Wise,

1973) This may account for the more pronounced cold response

-

Afferent nerves from cold receptors, foqn axon reflex arcs which precipitate an N
rmmedrale vasoconsmcuon of superf 1cral blood vessels The afferems pass on mto the
spinal cord where some travel f or one to two segments and synapse with- sympathetlc :
nerves. Olher afferents ascend all of the way to the thermoregulatory center .via the
poslerror h)polhalamus to exert therr 1nﬂuence (Downev 1964 Wise, 1973). All three

v of these pathwavs orrgmate wnh the cutaneous cold receptors The f mal mechamsm

‘involves the lowered temperature blood reachmg central thermoreceptors and evokmg a
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prelonged vasoconstriction. These mechanisms tend to operate if the cold sumulus 1s not
prolonged (less than 10 min.). and does not cause the tissue lcmpcralu‘r(‘ 10 fall below
12°C.

Severe cooling, lowering the tissue temperature below 12 ‘C. usually elicits a" reflex
vasodilation which presumably prevents thermal damage (Kcatinge & Harman M80).
Such a_‘ref,leg;' dilatiop was first ddeumcnled by Lewis (193()), and is térmed a "lewis
reaction” org"huming response”. Lewis’ explanation of the hunting response, was that f
cooling was sufficient 1o damage the skin. it would provoke the release of "H substance”
With time, the concentration of H substance rises 1o a level which is sufficient 10 produce
a vasadilation, coumcracting the vasoconstrictor effects of cold upon the vessels. As the
blood flow 1o the area increases. the finger warms, the H sutslancc 1s washed away, and
the vasodilation weakens. Eventually vasoconstrictor tonc predominates again, and the
cvcle repeats itself (Lewis, 1930). | - N

Oiher mechanisms have been postulated which would ac;oﬁnl for the observed
-cold induced vasodilatior;. The humi;lg response appcars to be mainly localiy r.ncdia‘lcd

o : \ '
(Duff et al, 1953, Sparks, 1978). Sparks (1978). proposes that the smooth musclcﬂi
lemperature falls so low, that the eontractile mechanisms fail,’ cay’eing a reduced
con‘strict.oAr effect. Added 10 this are,: a cold induced insensilivily 10 adrenergic
vaseconstrictor substaﬁees. vasodilatory axon reflexes from afferent pain fibers, and the
accumulation of vasodilalor metabolites (Folkow et¥al, 1-963 Lee & Wérrcn 1.978) These

s

melabolues are presumably formed at the onsel of thermal injury, in the cuLancous .

' layers

e d

l

The phenomenom of cold mduced ‘asodnlauon is conl’ ined to certdin arcas of the
body Fox and Wyatl (1962), usmg an "ice calorlmeter' mapped the dnslnbuuon m“
‘ areas capable of producmg a hunting reaction. These areas lended o be poruons of the -

skin Wthh were hkely to be exposed to severe local coolmg m cold chmalcs Smh arCiee

were also hkely to comam numerous arterxo venous anasLamoses lhoughl 10 b< ('s%Lnlml o

for a hummg reactxon to occur; as poxmed out by Kalenak el al (1975)

wt
Ve
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There is some question as to the cxistence of arterio-venous anastamoses in -

¢

“hon-acral skin. Roddic (1983), states that there is no evidence of a hunting reaction -
i h

3L§:ng in forca;m skffi. as no arterio- vcnous ahaSLamoscs arg present. However I~0\

an vall (1962) noled a clear positive vasodxlalon response on the foreaml exlensor

s

~ o

v

£ rlau, of onc of their Sub]CClS
"gg ! ) {
% : . Bargrof{ and Edholm (1946 monitored decp muscle «and subcdtancous

] {

impcratmm ofe the forearm immersed in cold water’ (12 °C). The resulls revealed no
dag,

os&gaut,)ns in temperature over the 90 min. of measurement. nghl et al (1980).

rc—cxammed Lewis' theory by immersing fingers and ankles in cold water (1.4 ‘C). While

the lingers behaved as léewis déscribed: they found no oscillations, in ankle temperatute
,..V N »

with time. ' o : S ¢

. .

It appcar.\' that lhc“c@ld_indﬁgcdv vaso{iila.lion response may be altered by prior
. » ; "
. ,cxposurcs 1o cold. "Nclm‘sy‘*and Saper (196’)_ provxdcd cvndence of an enhanccd coid
B .
mdu(,ed vasodllauon in the hands of fish mlctcns in 'responsc to repeated cold cxposures

The response bccame grealer and occurred sooner m acclxmauseg body parts. Adams and

Smnlh (1962) cxammed 1he cold mduced vasodllauon of cold conditioned fmgers They

obseived that lhe cold condmoned digits exhlbned a shorter time between xmmersmn and

'rcwarmmg a more rapid rewarmmg and a higher fmal rewarmed temperature. The pain
~ 1

";t’ssocialed with cold immersions was diminished with condilioning and eventually

~,

disappeared completely. Adams and Smith, noticed that the unconditioped contralateral

" digits :p;ag a hornigl cyclic response to cold, indicating that the change “in. cold induced
. vasodilation occurred locally } o ‘ 7o i
A e
LA reﬂcx vasodllapon af ter the removal of cold, has.also been reporled (M0oic et
L 4

4

al, 1966 Edwards,” 1971).. This after effect yasodllanon has been observed as a
.

{emperature rise above: the adjacenl ‘untreated body parts. The temperature reached a
maximum af ter 15-20 min. (fmger) and subsided three um\e‘s’/as slowly (Lewis, 1930

Wisc, 1973) T R
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7 To suggest that cold \'as”qdilalion will occur in all bodv parts, would be an

)

overextrapolation, as the reaction has onlyv been observed in acral reglons contanng

abundant arterio-venous anaslamoscs.



B. Skeletal Muscle

Circulation

Voluntary muscle has a rich blood supply derived from branches of ncighbouﬁng
arlén‘cs. The number of supplying arteries is variable according to the muscle group, but does
10! appcar[l() affect the volume of blood flow. The muscles of the forearm area are attributed
with many arterial sources of blood su‘ppl_v (Hudlicka, 1973).

Walder (1968), claims that skeletal ‘muscle has three circulatory pathways, each
scparately controlled. One pathway, agco;mling for a small percentage of the total muscle
blood Mow, nourishes the connective 1iss‘uc of muscle, and the other (wb supply the metabolic
nc:cd.\ of the muscle f;bcrs. Hudlicka (1973). recognises a fast component of muscie
arculation, nourishing the actual fibers, and a slow component serving the scpia and tendons.

The arterics supplving a muscle, branvch and anasgamosc {reely with other branches. to
form a prirﬁar_\' arterial network. Small arteries are given off at regular intervals, running
parallel 10 the muscle fibers, and anastamosing to form a secondary cub;cal network.‘
Arterioles branch off regularly from these structures and run at right angles o'r obliquely to
the muscle fibets. The terminal vascular bed is formed by these arterioles (with several layers
of smooth muscle coatl). branching into terminal arterioles (single laver of smooth muscle
coat). These évcmually split into capillaries, and at lhe;e branching points, smooth muscle
cells are positioned in a circular fashion to form precapillary sphincters. Distal 1o the
sphincters, a discontinuous helically arranged layer of smooth rguscle tapers off to form the
capillaries. These capillaries run’ longitudinally between fibers, and by frequent anastamoses,

-

form a fine capillary neiwork with oblong meshes. The capillaries eventually unite into

venules, intercalcated between the arterioles. The venous system then reproduces and follows

dlmos; exactly, the arterial route (Walls, 1960, Barcroft, 1963, Hudlicka, 1973, Sparks, 1978).

.

Within muscle there are two main fiber types, the slow tonic fibers, which are red and

have a high polemial for aerobic met.abolisni, and the fast phasic fibers. These phasic fibers

*

are generally white and have a higher anaerobic potential. Although there is not a striéi
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borderline between the two types of fiber within a muscle. phasic libers constitute the bulk of
the forearm muscle according 1o Folkow & Netl (1971).

A difference in the vasculature of l.htl‘.:,;[“'(> fibcr 1)’pg; has been noted. presumably duc
to differences in metabolic requirements. Thc capillaricS 1o the phasic Tibers Form clongated
loops which parallel the muscle fiber. Transverse branches arise from these, and enarcle the
individual fibé_rs. forming a loose network around them. Tonmic fibers are vasculanised by
capillaries forming shorter loops of equal length and breadth. This capill:\nr\ network tends o
be richer with a greater surface arca, and closer contact with (hc; individual fibers (H-udluku_
1973). For both fiber types there is approximately one capillary to every fiber. This amounts
to 3-4 capillaries around cach fiber. As the phasic fibers are larger, they tend 1o have fewer
capillaries in close proximity. Arlerio—vcnéus anaslarﬁ()scx which control large blood volumes
in the skin, do not appear 10 be common in skeletal muscle. If they eaist at all, it s probabh
in the septa or tendons (Hudlicka. 1973), or onlv on the sxlrl;jcn' of muscle (Walder, 1908,
Sparks, 1978). Any control of blood in the capillary bcd of muscle 1s probably through the

o , N
functions of precapillary sphincters. ’ :

Control of Circulation

The muscle vascular bed consists of threc distinct scgments, which differ in their
ability Lo,,rcgulalc blood flow./The first 6f these segments contains the resistance vessels,
which includes arterioles, met terioles, terminal arterioles and‘ precapillary sphinciers
Resistance vessels are subject 1o considerable myogenic lvone (Hudlicka, 1980), and this b .
.tone resuhs from the vascular smﬂooth muscle’s response 10 passive stretch. The myoge:.
maintains a base. lével of vascular constriction in the vessels at rest (Little, 195
«résistance vessels are also under.vasomotor control, receiving sympall‘hclié Vil
wasoCoNSLrictor innervation (;Guy,tonv, 1976). The ir!n”lucncc of these fibch IS not b o
bres‘ll. as a sympathetic block will only i’ncrease muscle blood flow by onc '} of SRS
mum potenua] (Sparks, 1978). The vasoconstriclor ﬁbers 'appcar 10 infiucnie most vessels in

the vascular bed, bul the vasodnlalorv fibers seem 1o act. only on thc ;\rudplllar\ :,cgmcnls
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most likely the arlleriole.s (Bard. 1968, Hudlicka. 1980).

The smooth muscle of the arterioles and precapillary sphincters are sensitive 1o vari-

ous metabolites, which genctally cause a relaxation and increased blgod flow. The transmural

pressure of the resistance vesscls and the tone of surrounding skeletal muscle may also affect
resistance segment circulation (Hudlicka, 1980). Regulation of the resistance segment of

-circulation is primatily through a combination of mvogenic and metabolic mechanisms, with

metabolic influence being predominant when the ratio of metabolism to!blood flow is high'

(Spa}ks. 1978). The secbnd portion of the vascular begAhvolves the metabolic exchanges be-

tween the blood vessels and the extracellular spaces. {Capillaries ate the main vessels in this

arca, with muscle capillary beds differing from most Qther organ vascular beds, in that they

have very few open capillaries at rest (Hudlicka. 1980). It is assumed that the precapillary
sphmucrx are closed at rcsl and an accumulation of metabolites would cause these 10 relax
increasing blood ﬂow to the arca.

‘Capillaries and pre;:apillar_v sphfncters are thought not to have anv direct vasomotor
inncervation.  Metabolic réquiremems will normally determine blood flow Avxo the area
(Hudli;ka, 1980). |

Capacitance vessels constitute the final segment of the muscle vascular bed. These
VLssCls function to enable shifts and storage of blood volume wnhoul altering the blood
pressure. (apautancc \//essels are in fact the venules and veins, possessmg smooth muscle
coats of the muluumt type. This smooth muscle has no tonic pacemake activity, and' the
vessels consequently' have no significant basal myogenic tone (Little, 1981‘)."'These vessels

therefore require extrinsic factors to prgyide vasomotor activity. Skeletal muscle veins are well

supplied with alpha receptors, but have very few beta receptors (Allwood et al, 1963, Sparks, .

- 1978). Veins are therefore well supplied with vasoconstrictor influences, but have no. real

vasodilator innervation.
’ To summanse at rest the skeletal muscle vascular bed is comro]]ed b) a sngmf icant

basal myogenic tone, vasoconsmclor tone, and smooth muscle responses to vanous stimuli.

14



Factors Influencing Blood Flow
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At rest the skeletal muscie blood flow ranges from 4 - 7 ml.Z100 ml. ol tssuc/min ..

and remains relatively stable, except in response to exercise. Other events and stumuli do not

appear 10 have as dramatic, or as prolonged effects on muscle blood flow . These include:

1. Exercise

7

There is an increase in muscle blood flow accompanving muscular contracuon. ©

The change is thought to be mediated by metabolic substances formed by the active
muscles, acting locally on the resistance vessels (Shepherd. 1983). Roddic ¢t al {1963),
suggest that the non exercising muscles reccive increased vasoconstrictor tone. to aid

redistributing blood 18>lhc exercising muscles.

2. Emotional Stress

Blood is redistributed throughout the body in’ ICSpoONse o Qnmlional stress. As
described abo§e, certain skin vessels may vasoconstrict in reaction lo stress, bul .s‘vkclclul
muscle vessels will increase their blood flow. This incrcasc' is believed 1o be mediated by
an increase in vasodilator activity (Roddie, 1963, Downcy, 1964, Vander ct al, 1980).
Acetylcholine, histamine and another unidentified vasodilalgr mediate t;m vasodilation
(Sparks, 1978). According to Guyton (1976). the vaSodilator fibers are activated by a
special nervous pathwa_\." beginning in the cerebral .coriex. Noxious stimuli may also
increase muscle blood flow, but in this case, the nociceptors medialc an adrenaline
response, stimulating the beta receptors on the. arterioles (Hudlicka. 1980). Bard ( 19()8)_

suggests that the anticipation of exercise may elicit an early increase in blood flow, a-

though this theory has not been substantiated elsewhere.

3. Changes in Pressure
In contrast to the cutaneous.circulation, the skeletal muscle blood flow is sensitive
to sudden: changes in posture and perfusion pressure. In responsc to a head downward

o - : : >
position, -or elevation of- the legs, the forearm blood flow increases as a resuj: of @mcd
S : . ©

vasoconstrictor tone. The forearm blood flow décreases with a shift, from a horizontal to

~:

]
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vertical position, and this is a result of increased vasoconstrictor tone. The baroreceptors
appear to alter blood flow by altering the vasoconstrictor tone only, to maintain suitable

perfusion pressure (Roddie et alg 1963, ‘Hudlicka, 1980).

4. chnpcralure !
| It is sugg;slcd by Shepherd (1963), that the thermoregulatory center utilises only
the vasomotor fibers 1o the ;skin_ and muscfé blood flow control plays only a minor part.
It therefore appears that sympathetic fibers to muscles are not influenced by chanées n
body lcmpcralurcj(Clemem, 1979). This has been confirmed by experiments measuring
the oxygen saturation of blood from superficial and deep véins, which have established
that the circulatory increase in response to body keating is"entirely conﬁncd 10 the skin
(Roddie et al. 1963, Detry et al. 1972). With respect 10 cold stimuli, there is no good
cvidence for a reflex constriction in the vessels of th‘c forearm muscles, in résponse to
local or dirccl. cooling (Fox, 1961, Downey, 1964). Direcl. cooling of the muscle blood
vessels will cause the smooth muscle to cénstricl and‘ reduce blood flow (Keatinge &
Harman, 1980), but the"thermal gradient between the muscle and the skin surface reduces
the possibility of any direct cooling effects

~ Keatinge (1961), observed a vasodilali(;n in the deep vessels whén the f inéef’ was
cooled. He éuggested‘ that this could be the result of‘ an impaired response to constrictor
. hormones, a reflex related to the vaso®nstriction of skin véssels, or an effect initiated by

a central controlling mechanism (Haines, 1967, Keatinge & Harman, 1980). These

theories méy be tenable, considering Bard's (1968) f- inding that when the -skeletal muscle

: Jvasodxlalor fibers are sumulated electrically in the hypothalamus an accompanymg ‘

vasoconsmctor dlscharge 10 the skin heips to redlsmbute cardiac. outpul

Muscle blood flow in the resting state is far more stable -than the cutaneous ‘

circulation. If temperalure has any reflex’ effect on muscle cnrculauon it is pqss1bly to

counteref fect the changes m the cutaneous circulation.
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C. Meésuremem of Blood Flow l

"Introduction ) . ®

Blood fiow m‘casuremcnlt is possible by a variety of methods. Thermal flowmetry,
electromagnetic ﬂowmelcrs,’ radioactive tracer clearance, | ultrasonic  {lowmeters,  and
plethysmography are examples of the available techniques, which often differ in validity and
application.\ .

Venous occlusion plethysmography, which involves the mcasurement of  volume
changes, was first adapted for limb blood flow measurement by Hewlett and van
Zwaluwenbe_rg (1909-). Since then it has been used extensively for nobn-invasivc measurement
of peripheral blood flow. Rushmer, Baker and Stegall (1966) state. that if' blood flow 18 de
fined as the/volume change per TN e, then lh'C most direct mcasurcmcvm vapprouch should
involve techniques sensitive 10 volume change. They cohséqucnll_\' ralé plclhysmogravph,\ highlv
for it's ability to; rﬁeasure the target variable (blood flow), it's frecdom from unrclated
exlrpneoué variable§, it's freedom rom measurement indpced influences. it's stability,
sensitivity, and ranger of measurement.

Plethysmography employs ‘an‘ occluding cuff, applied to a‘lim.b and inflalable 10 a
sug-di}isiolic bressure. ‘If the pressure used is sufficient, it causes vcnous.closurc and occludes
ou[flow from the Inmb The subseouem mcrease in the volumc of th limb distal 0 the
occludmg cuff, is equal to the arterial inflow durmg Lhc recording period.

thmey (1953), adapted the mercury in rubber strain gauge for the plclhysmogmphm
‘estimation of limb blood flow. The elasucxty and comphance of the mercury in. rubber slram‘ .

gauge. means that it is particularly suitable for the mcas‘uremem of girth changes, ol

-asymmetrically shaped limbs. -
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Mercury Strain Gauge Plethysmography

Thcorectical Basis

The mercury strain gauge has high sensiuvity. and for Small changes in gauge
extension, the ch.ange in resistance is essentially linearly related to the change in length.
however 1t's low resistance, makes it technically difficult o use.

Unlike volume plcthy,smograph)'. strain gauge plethvsmography does not record

: PEN
the direct volume changes, but measures changes in the circumference of the limp

;egmem which i£ encircles (Englund et al. 1972). This method assumes that human limbs
and digits, approximate a circular cross section (Whitney, 1953). In fact limbs tend to be
clliptical in cross section. with plethysmography tending 1o overestimate blood flow
( Whitney, I953__‘Englund ct al. 1972). Vénous occlusion plethysmography is based on the
observatjon, that for small changes in the volume of a cylinder of constant lengln, the
volume change is approximately twice the change of it's.circumference (Levy et al, 1979).

Two main assumptions are made for strain gauge plethysmography. The first is
that changes in limb volume are only due to radial expansion, and there is no change in

-

the dimension measured'along ‘the long axis of a limb. Radial isotropy is the second

assumption. This considers tha;’cirCUmference changes must be due to changes in all
Lransverse direclions-'(Whitney, 1953, Levy et al, 1979). '

Altnoug'h the theoretical basis for .slrain gauge plethysmography has been
challlenged (Ardill et al, 1968), ig is gener'ally considered to be a valid method of blood
[low measufement for Work involving repeateq compéfisons (‘Knight & Londeree, 1980).
Sparks (1978). claims thalrvenons occlusion plethysmography is widely accented as the
standard method of skin blooci flow measurement in»‘man'. The Whimey straln gauge is
prcbably' the most nréciical'fofm of plethyemogrnphy and is used as the standard for
“blood flow measurement at the NASA phvsnologlcal performance laboralorv (Levitan et
al, 1933) ' |

}-or venous occlusxon plelhysmography mercury stram gauges are employed as

length Lransducers regxstermg the changes m cn‘cumference The gauge consxsts of a fine

P
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‘bore of rubber (or silastic) tubing filled with a column of mereury and plugged with
conducting endpieces. which are soldered to connecting wires. The mercury in rubber
strain gauge forms one arm of a thatstonc\ bridge circuit, with the adjacent arm in
series, being a pblenu’omeler. and the olhcf resistances in parallel occupicd by high

stability/low value resistances. .,

\
[

If the gauge is streiched, the diamcter of the mercury thread s reduced and the
gaugc resistance increases: Deflections of the recording stylus: therefore provide a meas -
urement of changes in the strain gauge resistance. For small changes i length
(circumference), the resistance change is lincarly related to the change in the gauge length

B .
(Whitney, 1953, Needham. 1972).

If a cylinder expands only slightly in 4 radial dircction. the radius changes trom 1

¢

tor + z. . !

‘ . . ks
Therefore the change in cross sectional area ol the cvlinder

I}

w(r+z)* - ar’

= 2arz, if 77 is small.

-

The percentage change in area is given as;

= 2wrz  x 100 .

wr? -
=2, 100
T ’

_ The change in the circumference of the cvlinder is:

>

e

= 2ua(r+2) -;_an

2uz ‘ *®

-

-‘And the percentage change in circumference is provided by;
o ' = 2m x 100 : 1
2
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Thus the pcrccma.ge change of circumference equals one half of the percentage

change of area (volume) (Clarke & Hellon, 1957)

Vahdity of Technique

Several studies have examined the .‘validily of mercury in rubber strain gauge
plethysmography . Clarke and Hellon (1957), compared mercury strain gauge plethysmo-
graphv on oné hand, with water plethysmography on the contralateral limb. They noted
good agfécmcm between the two methods, but the water plethysmography consistently
gave an average of 9.4% highér blood flow readings than the strain gauge. Burger,
Horeman and Brakkec (1959). using water filled plel'h_vsmograph_\', ﬁfound that this
-mecthod gave an avcragc of 17% higher blood fiow than that indicated using the mercury
strain gauge technique. I)ahn‘ and Hallbook (1970), made simultaneous blood flow meas-
s urements on the lower leg, using water plethysmography and four mercury in rubber
strain gauges al equal intervals along the limb. Recordings of flow were made during
reactive hyperemia, with the two middle strain gauges and the water plethysmégraph
yielding practically identical blood flow recordings. The most proximal of the slréin
gauges, g'av_e’ valueé that were always higher than the water p]elhysm’ograph, and the
distal recordings were consisiently lower. Lbnghurst and co-workers (1974), simultane-
ously rhe_asured forearm blood flow with a' single strand meré‘ury strain gauge, and
brachial arlery flow with an e}e'ctromagnetic flowmeter. The two measuremems had a

correlauon coef ficient of 0. 823 wnh the strain gluge pletyysmography tending to give

(
Englund, Hallbotk and Ling (1972), using extrace poreal per'fusion found that

higher blood flow values v : ’ ;

1hcrc was a linear relationship between actual flow (suppfied by a heart -lung machme)

and mercury strain gauge recordmgs Levy (1979), c0/1\pared mercury stram gauge pleth
© ysmography, Wwater plethysmography.‘ and pulsed’ doppler flow measuremeqté.- He

{

Y . . /

s

~—



concluded that while strain gauge plethysmography was not quitc as sensitive as the water
method, it was more practical in it's applications. Mercury strain gaﬁgc plethvsmography
was compared with ultrasound and 1mpedance plethysmography, by Levitan et al (1983).
Although differences were observed in the magnitude, of blood flow- estimation. the
magnitude of the changes in flow were tracked identicaliy b\ all three methods. Mercun
strain gauge plélhysmography may lack some vahldity. in that it tends to underestimate
actual blood flow, but it appears to be extremelyv reliable. Il is panicu|larly suttable for re

peated measurements of blood flow, and will accurately reflect the changes in flow that

occur.

Temperature Effects on Strain Gauge

The thermal coeffficient of resistance is relatively high for mercury, so thit a
1 °C change in temperature, is approaimately equal to the IC‘.SlSlanCC change produced h\ 4
0.05% change in the gauge length (Wﬁimcy_ 195‘3).’ Because of thermal instability,
Whitney (1953) éuggesls winding copper wire around Lr_lq__,suain gauge, and linking 11 10
an adjacent arm of the Wheatstone bridge. to compensate for lcmpgralurc' effects on the

resistance. Honda (1962), submits that resistance changes with temperature are of no
) PR

5

consequence when pulse volume or blood flow are being monitored. They can be d 'bm"h;
lem, 'he states, when temperature induced chénge,s in volume are being -investigated.
Brengelma}';n, Wyss and Rowell (1973), found t;mpcralurc compensation to be unneces-
sary. They conducted 'a study iusing a hollow copper "a'rm",' LhrOugh which djﬂ‘ércm

temperatures of water could be circulated. For a 10 °C temperature change. a resistance

increase equivalent to a 1 mm. increase in length was observed. They concluded that _fhé, :

accuracy of monitoring changes in gauge length, was insignificantly affected by .a 10 “C

temperature change.
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Hydrostatic =ffects - i Cea

The effect of hydrostatic pressure on venous occlusion plelhys}ndgraph)' has been
considered by researchers. Wallace (1958). measured forearm blood flow by water pleth-
ysmography. Normally the height of the water above the forearm was between 9 and 16
cm. For twelve subjects this water level was increased 1o 16 to 26.cm. above the forearm.
Some cvidcdcc of reduced blood.flow was noticed in this range, but il was deemed
ncgligible by the rescarcher. ‘

Dahn and Hallbook (1970), with their comparison of blood flow measurements
by air. water, and mercury slsain gauge plelhysmogrdphy', noted that the hydrostatic
pressure tended to reduce limb blood flow, and accelerate venous emptving after
occlusion. The differences were again small and insignificant. A comparative study of
water and mercury strain\ gauge plethysmography, was carried out by Francis and MeCaig
(1985). 10 cxarﬁidc the hydrostatic effect on foot blood flow. They found that foot blood
flow was inversely proportional to the depth of water in lhé plethysmograph. These
writers propbsed three possible explanations for such changes. Firstly, they suggested that
'va small leak with venous occlusidn, occurred via unoccluded. .interosseous veins, which
while insignificant when the plém/a;fsmograph, was emply, became more ObViOUSIWilh the
hydroslalic pressurefcffecl_ They also submit, lhal hydrostatic pressnre reduces the
pressure differential between the aorta and the foot, resulung in pref eremlal blood supply
to other areas. The third and most plausible explanation advanced by Francxs .and
MeCaig, is” that the hyrostatic pressure on the ‘ankie (supine lying .wit’h" the 'fqot
perpindicular at 90 7}, would panialiy occlude venous retu;n‘ at the ankle. This would
' cause the distal caplllary beds 1o parually fill, resulting in a reduced capacny to accept
.'blood during venous occlusion. Because the } orearm is honzoma] durmg plethysmography

- this -partial venous occlusion does not occur to the same degree and the hydrostauc eff ect

is less sxgmf icant (Franc1s and McCaxg, 1985)

Gy . )
» . e . .
. - - ) . X : L, e
. - . ) PRI \
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Calibrations
’ The first method of strain gauge calibration suggested by Whnn:c_\ (1953). has
subsequently been criticised. He attached the strain gauge 1o a perspex mount, and
suspended a 25‘ g weight from the doubled strand. For this degree of gauge tension, a pen
defllection was obtained. H:c then mounted the éauge on a cylindrical form, and using the

tension adjusting nut, reproduced a tension of 25 g. A measuremcnt of the gauge length

was made in this position, and calibration was carried out by varying the gauge length by

known amounts. Hallbook, Mansson and Nilsen (1970), claimed that the gauge mounting’
device causes ‘_discrepanc.ies, as it does not allow the gauge to completely encircle the hinb.*
and tends to hold the ends of the gauge up off the limb. They proposc ‘a constant current

calibration device, which. permits in vivo calibration. The device inhucc.x a voltage |
difference across the output, which produces a stvlus deflection equi\'alcnl lr) a one pcr-v
mille volume change. Iérerrgelmann, Wyss and Rowell (1973‘), rnodi'('icd Whitney s
calibration method, by using a 25 g,tension and measuring deviations from the bascline by
stretching the gauge by known amounts. Ho;avever instead of using thc gauge la.monitor
the circumference of\the limb continuously, they simply rrreasured the limb circumference
b_efore and after the gauge application. The average of these two gi?lhs was used as the
limb circumference throughout recording.
Occlusion 3 .

. . y 4 :

With venous- occlusron piethysrno/graphy the- method of occlusnon is -critical.
Although the OCCIUS'On pressures used are often ngen in reporls delan[s on cufT size are -
-often no mcluded Invesugauons into the (heumal cuf ﬁ srzc for blood pressurc mcasurc .
ment (Geddes 1970), have mdrcaled that the\mu racy- of blood prcssurc readings vancs
with drfferent cuff wrd[hs Presumab]y the ‘occlusion pressure differs wuh the lcnglh of
the vascular segmem occluded The w:der the occludr'ng cuf { used, the lcs‘s»lhc occludihg
" pressure requrred to callapse the underlymg venous segmems Mosl studies appcar 10 havc :

-

used standard. blood pressure occlusron cuf fs (approxrmalely 12 cm in wrdth) allbough'

{

Ve
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.the occlusion pressure tends to vary. Cooper, Edholri and Motiram (1955), inflated their ~
Im'carm occlusion cuff to 70 mm Hg. Johnson. Rowell and Brengelmann (1974), used an
_.‘pcc'luﬁon pressurc of 40 1;nm Hg.fo'r forearm blood flow measurements. Dahn and
Hallbook (1970), investigating cal’.f bloed _ﬁow, used a venous occlusion pressure of 50
-mm Hg. The occlusion prcssures used, will also tend 1o cause mé cg‘pillaries,
arterio-venous  anastamoses, and arlerioles, originating‘ from the arterial lb'ranches
proximal 10 the cuff,. 0 collapse (Burch 1954). Burch (1954) claxms that while lhe
quantity of blood obslrucled from flowing through these small branches 1s not known, it
probably rcpresems a small percentage of the total flow.

Ideally a systematic investigation of each subject, 1o establish the bes( cuff

- pressurc, may be necessary to give a constant blood flow measurement, as suggested by

" Christensen and Niclsen (1942). Ideally the occluding pressure will be sub-diastolic. 10

Cnsure lhal arterial inflow vontinues unimpeded, but will be sufficient 10 occlude venous

relur%
\ ’ :
The occlusion period is also ‘an important factor in plethysmography. Sparks

.

(1578), ‘slales that the occiusion periods must be brief to avoid raising the venous.
prchure lO‘ a point where it will retard arteri;l inflow, or Ycause leakage of blood past the
roccluding cuff (Kitcﬁin, '1963). Idealiy the occlusion time should be sufficient 1o obtain a
s:;r(able plethysmegeaphic trace-, frO;n which a Langem can be drawn. A cuff inf]alion‘
artifact usually occurs at the beglrmmg\of each trace. Thls artifact corresponds with lhe
deformanon of 1he llmb tissues, towards the strain gauge by the occludmgécuff &

“(Christensen & Nielsen, 1942). Sparks (1978), suggests a brlef occlus:on penod}‘of‘

L approximate]y.S sec., which appears to be stand(ar_d (Cooper et al—,,‘1955,> Dahn &

Hallbook, 1970). o

<

¢ It is -claimed that 1f the limb is not above hearl level during recording, the veins

w:ll not beﬁble o accommate the mflowmg blood (Greenfield et al, 1963, Rushmer et

1966) Chnstensen and Nlelsen ( 1942) recommend that the hmb should be 20 [0 30



cm. above heart level, or ho filling of the veins will occur. and accurate blood flow, meas
urement will not be f)ossiblc. It is generally recommended that the himb should be at least
level with the heart, for the most accurate blood flow determinations (Cooper et al, 19383,
Eagan, 19()1_).

It would appear that somequrm of hand blood flow occlusion should be made
order to obtain accurate flow measurements on  the I'orc;ﬁm.‘ /\’(rul body p;n‘rl.\
demonstrate fluctuations of blood flow, in response to a multitude of environmental
stimuli. because of the lability of the hand circulation, several investigators (Kerslake.
1949, Cooper et al, 1955, Johnson ct al, 1974), have occluded hand blood flow while
measuring forecarm circulation. Quinn (1965). measured forearm blood [low with water
plethysmography. He noted that a wrist cuff ir}ﬂalcd 10 200 mm Hg. gave average appat
ent flows 19% lower than when no wrist.cuffs were used. Kerslake (1949) . occluded hand
blood flow with a wrist cuff inflated 1o between 230 and 240 mm Hg. borearm blood
flow was found to initially increase after occlusion, followed by: a dc'crcasc, with flow

’ evemvuall_v stabilising al an imermcdiale.lcvc_l after appro-ximau:ly 1 min. Cooper, Edholm

and Mottram (1955), used a wrist cuff inflated 10 200 mm Hg, while monitoring forcarm

blood flow. Johnson, Wyss and Rowell (1974), also utilised a wrist occlusion cuff . which

they inflated to 280 mm Hg for 4 out of every 5 minutcs..

r

»

Fore;m'n Blood Flow Measurement » .

Blood flow measurements are frequently qmade on the human forearm. It lends itsclf
to‘ such investigations, because of it's abilily to be raised above heart lqvcl, and positioned in~
water baths and plethysmographs. The proximal portion of the I‘orcafm is almost circular iq
cross section, particularly if the %oreérm is pronated. The distal scgment is moré clliplicai n
'“cross secuon Prommall\ the radlus and ulna are posmoned relatively decp in the forcarm5
B ensurmg a more or less radral expansion- of the soft tissues in all dxrecuons As the radius dnd

~

“ulna are mo$ superf 1cxal collaleral]y in the distal portion, any expansnon wnll presumably be
. - ’
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Cooper, kdholm and Mottram (1955), dissected five cadaver forearm segments. cor-

in the volar and dorsal directions.

responding with the section normally enclosed in a plethysmograph. The resulting average
volume compositions were; skin 8.6%, ‘;onc 13.7%. 1endon 6.1%. fat, fascia, nerves and blood
“essels 8%, and muscle 63.6%

Forearm blood flows measured. cover a wide range of values. Barcroft and Edholm
(1940) . using an air plethvsmograph, estimated forcarm blood flow 1o be 3.1 + 0.25 ml/100
m| ()I" tssuc/min. Cooper, Edholm and Mottram (1955). with water plethysmography, provi-
ded values ranging from 1.45 to 10.5 mi/100 m! of lissue/min. Zelis, Mason and Bréunwald
{(1969), calcuialed average I‘orcarrﬁ flow, by mercury strain gauge plethysmography, at 6.3 +
0.58 mi/100 ml of forcarm/min., and Motiram (1983), al‘so using strain gauges, found a flow
between 3.2 and 3.7 mi/100 ml of muscle/min. Some of thesc dxffcrences may be explained bv
l)ahn and Hallbook's (1970). successful dcmonstrapion that the level of strain gauge
application on the limb, often determines the blood flow recorded. Thcy reasoned that the
skin/muscle/bone composition varies along the length of the limb and will likely be reﬂcc'led
in the blood flows recorded at each site.

- Clarke, Hellon and Lind (1958), auemﬁted 10 paﬁition skin and muscle blood flow
mcasurements b_\‘-.\n";oniloring flow with proximal and disial strain gauges. They suggesied that
the distal segmem of the forearm is composed mainly 'of" skin, bone and tendons, whereas lhe'
proximal section is prcdommamly muscle In thc1r slud\ the midpoint of the forearm was
measured as halfway between the olecranon process and the ulnar styloid process. A proximal
gauge encircled the f orearm 6 cm above this point, and the other gauge 6 cm distal from the
mi‘dpoim. After 40 min. of immersion in 1'C water, an increésed bleod ﬂoQ, three to four
limes above resting, was noled. The distal gauge flpw did" not ;eac-h. as high a level as the
uppcf forearm. A;irenalin iontophoresis was uvsed_ to stop [ orearm‘skin ;bIOOd flow, and did
not alter the biood flow panern confirming [hal the increased blood flow wnh coolmg was

confined- to lhe -muscle. From these experxments it _appears that proximal and dxstal strain
, - 5 ,
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gauges applied to the forearm. will reflect muscle and skin blood flow tespectively . Provinial
mecasures would include flows (o muscle

al, 1955).

>, lendon bonc. fat and connective tssug

©(Cooper ot
As tendon. connective Ussue and fat are relatively avascular

\ and the bone blood
flow is estimated as only 0.5 10 1.0 ml/100 m! of bone/min

most of the measured flow s
thought to be to the actual muscle tissue (Cooper et al, 1955). Zchis

ason and Braunwald
(1969). have calculated that approximately 52 % of the total forcarm blood [Tow is (o the
muscle tissue.

‘ 4
D. Cold Therapy
Sensations

The sensation of cold is felt when the temperature of a substance ts lower than that o
the body area to which nlls applied. Cold application will evoke different sensations, depend |
ing on which part of the body it is applied to, and the form of cold which is utilised. Usually
- the first sensation will Bc one of cold, which progressively becomes more uncomfortable over
a period of approximately 3 minutes. This is replancd by a burning sensation, lasting up 10 S
minutes, and then an aching of'appr‘oximal'cl_v 1 minute. The fourth and [inal sensation is that

-& Mendryk, 1979).

a

of analgesia. in which there is 110, real sensibility 1o pain (Grant, 1964, Behnke. 1973, Kramer

Hocutt (1981), has listed the cold sensations a lite diffcerently. Stage 1 consisted of a
) \

Y .
cold feeling from 1 to 3 minutes, stagc? at 2 1o 7 minutes, of burnmg and/or aching, and
stage 3 at 5 to 12 minutes, of local numbness and anesthesna The final Stage, he states, occurs

at 12 to 15 ‘minutes, and cons:sts of a reflex deep tissue vasodilation and warmmg Bugdj
\

\

ice massage was mmaled and dxsappearec{ approxlmalelv 3 minutes after thc treatment was

b
(1975) observed that analgesna was achxeved at an average of 1 mmutc and 45 scc.onds after
discontinued. He also noted that analgesia occurred .only - afier the skm lemperature was

rgduced to 13.6 °C.
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Raptou (1968). claimed thet ice massage produced slightly different sensation Liming.

.

For 151072 minulés. a cvcle of intense cold. burning and im;nse discomfort ensued. This was
followed by anesthesia, q’nalgesi'a and rclaxation. This mav have been due 10 the stimulation
of mechanoreceptors with the massage technique, or it could be that the areas appropriate to
ice massage (i.c. largcl flatter body parts), react differently than the body parts which are
normally immersed (i.c. hands. fingers and feet).

~

Pclretrative Effect of Cold

The extent of the therapeutic effects of cold, is largely dependent onhthe temperature
ol)'- the substance applied, the duration o.l‘ application, and the region of the body to which it is
applied.

‘Thc regién of the body to which cold is applied determines how far the superficially
applied cold penetrates, and how much the resting thermal gradient is disturbed. Tllc thickness
of the skm and the subcutlaneous tissues, have begn shown to affecl the penetration of cold. ‘
Johnson et al (1979), reported a sxgmﬁcanl relauonshlp between subcutaneous body fat and" -
- the reduction of intramuscular temperatures. Because of it's low thermal conduclivlly,
sllbculaneogs fat forms a ‘barrier to heat exchange (Lowdon & Moore, 1975). Because df this
el‘lccl. short applications of cold do not tend to penetrate, and lower muscle temperatiire sig-
nificantly (Lellma'nn et al, 19/74). The penetrative effect of colcl also depends on the watcri
content of the tissues, and the rate of blood flow through the cooling aréé (Stangel, 1975).

Attempts to evéluate the penetrative eff ects of :cold, have produced equivocal results.
The temperature of the skin falls rapxdly upon cold appllcauon Decreases of 12 to 16 °C
| mlhm the first two mmutes ‘have been noted (Lee & Warren, 1978) By comparlson the
decp muscle 1cmpe.ratures fall only gradually, and then by only small amounts (Wayloms
1%7 Olson & Slravmo 1972, Lee & Warren, 1978) . The amount of cold penetrauon into the
| . decp muscular ussues appears' 10 be questionable, De Lateur et al (1970) observed: no
temperalure changes below 3.0 cm wnh 10 mmutes of surface ~cooling at 7 C. Bxerman

9
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(1939), using a thermocouple deep within the gasirocnemius muscle, cooled by ice bags on
either side, found only a 3.5 °C drop in temperature after 2 hours and 10 minutes. Lowdon
and Moore (1975), however, obgervéd a large temperature drop (17.9 “C). 2 ¢m into the
biceps brachii muscle, developed after only 5 minuies 6f ice massage.

Most of the evidence points to rather poor penetration of cold into the deep tissues,
and certainly not to the extent which is observed in the skin. Becausce of the low thermal
conductivity of subcutarreous fat. any deep cooling that does take place, tends to be
maintained for extended periods of time (Laing et al, 1973, I.chmann et al 1974) . Although
_th} blood flow in muscle is reduced by the direct effects of cold on the vessels (Abdel Saved
et al, 1970, Kcatinge & Harman, 1980)_ it appears unlikely that cold will penetrate suffiaenth

H

to mediate any direct changes to the muscle circulation.
Duration of Cold Application

Many workers have apparendy made recommendations based on [.ewis’ (193'())
findings. He noticed that immersion of the index finger in a .5.4 'C wdlcr bath, caused an
initial vasoconstriction lasung between 9 and 16 minutes, followed by a vasodllauon lasnng 4
to 5 minutes. This; cvcling of local blood flow was termed by Lewis, vhe hummg response”

With acute %unes. cold application is timed 1o supposcdly avoid or mininmise the
‘vasodila'tion that occu‘rs with the hunting response. Wise (1973), suggests applic}mons of 10
minutes interspersed ~with 10 minutes of no trealmc;,'nl‘, Hocuut (lv981) prescribes S o 12
minutes Qf cold thefapy_, and Kramer and Mendryk (1979), suggest that cold should not be
used for more than 20 to 30 minutes at any one .time. Moorc et al (l966),ddvi$é that in' order
to limit vasodildtion of the deeper vessels, cryotherapy should be limited to 20 mindtcs maxi-
- muin at any one time. These authors admit. that the time f rames are arbnranly selected, as
cvclmg varies with body areas. ‘ ) |

Once mJurxes are beyond the mflammalory stages (48 hrs plus) cold application 1s

'prolonged in an attempt to evoke a reflex vasodllauon wuh the cold bemg removcd before the
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sccond vasoconstriction occurs (Chu & Lutt, 1969). Presumably the time required for these

cffects is slightly longer than for the application of cold to acute lnjuries, described above.

kdwards (1971). suggests that between 30 and 60 minutes of cold therapy is sufficient to
~

achieve the desired effects. In anyv case, the removal of the cold stimulus should provoke a

.rcl"lcx afier effect vasodilation according to Moore et al (1966).
. . .

*hysiological Effects of Cold
N'he beneficial and therapeutic physiological effects of cold are comifonly recognised
to be a yeduced inflammmatory response, dimfinished pain from the injury, a decigased

muscular/spasm, and a reduction of hemmorrhage and blood flow at the injury site.

\'ﬁl'lammalor)n Response
Behnke (1974) . has classified athletic soft lisgue injuries into four distinct stages;
the trauma itself, hcmalorua formation, the subsequent hematoma real)sorption, and
hcaliné by scar tissue. Two of the major limiting factors in athletic injury rehabilitation,
- are .the extent of hematoma formation and the expediency of th—m hematoma
reabsorption.
With sport’s irtjuries, damaée and rupture of vascular structures is likely, allow-
. ing direct hemmorrhaging’ imo the interstiial spaces. ln addition to this, local
- inflammatory responses occur, which tend 1o exaggerate the edema and eventual
hematoma formation. |
‘When a vossel is damvag‘ed,' the arterioles.,' qépillaries and venules in the proximity,
undergo a short lived vasoconstrictiou lasting from 10 seconds to 2 or 3 minutes (Ijeé &
Warren 1978). This transnory slowmg of the czrculauon allows leucocytes to move out
- of the capillaries bv dla'pedesxs These cells usually engulf and phagocyuse irritants, bul ‘
because few 1rmams are present in athletlc mjunes they are often superfluous and_ ,

merely add- to the cellular dcbns (Wxse 1973, nght 1976)



The injured tissues release various substances. such as serotonin, bradvkimn and
histamine. These compounds are often referred 1o as "H substances” by certam authors
(Lewis, 1930, Wisc, 197,3)‘ sald 10 be due 1o their histamine-like action and their
uncertain identification- (Wise, 1973, Lee & Warren, 1978). These substances generally
cause a vasodilation in the precapillary beds, and a vasoconstriction in the postcapillary
scgments (Lee & Warren,(l978). with a resulting nct increasc of blood flow mio the
traumatised area, and a decreased flow out of this area. The vasodilation may Herease
blood flow to the area’by as much as tenfold, and is éccompaniw h)- a change in the
’vascul’ar_ permeability (Lee & Warren, 1978).

The increased capillary bloéd flow means that mf capillary hvdrostatic prooare s
increased, precipitating a movement of fluid out of the capillaries into the intersunum,
An increased permeability of the small blood vessels in the injured arcy ‘also ()cc‘ur.\‘ prob-
ably as a result of the ;zr;do(hclial cells pulling apérl. This permits, plasma proteins and
colloids 10 move out into the interstilium, causing an elevated colloid OSMOLIC pressure,

s

which tends to draw further fluids out of the capillaries (Kn‘ighl, 1976, Lec & Warren,
A

1978). | kN
| Becau’§l‘gﬁ of the reduced blood flow through ‘Lhe lraumatised area, many cclls
suffer secondary hypoxic damage, causing é brecakdown of the cell and release of further
substances c:;ipable of increasing vessel permeability. This adds to the hydration of the
imercellu_l.ar spaces and edema formation (Knight, 1976).. .

;Fhe overall inﬂamma.lory response is coﬁsidcred by Wise (1973), to be an
overreaclion, relative to the damage caused by an athletic mjun The sccondary
'mflamrnator) reactions result in additional edcma which combmcd with the direat
o hemmorrhagmg forms an excessively large hematoma ‘This cxlravascular Hmd tends o

be thlcker than most serous fluids, causmg the lympham syswsn to bccomc Lf(‘)g{.(.d
= }Hematoma reabsorpuon 1s resmcted by th:s stagnahon of fluid, and the stage is set for

»adhesmn formauon._(Krame‘r, 1977, Mason, 1978, Knight, 1982).



As described above, the recovery time from an athletic injlur)' 1s often determined
by the size of the hematoma formation. and ihe speed with which the bodyv . is able 10
mobihse. the injury debris (Barnes, 1979). Anyvrelardau’on of the initial inflammatory
reaction will limit the hematoma size and ensure an carlier return to ac:ivity. Cold appli-
calions are wi'defy prescribed for reducing the inflammatory response of alhielic injuries,
and appear to have several effects on the reactions taking place.

Janssen and Waaler (1967), demonslrated‘ that cold temperatures reduced the

'
degree of inﬂammalion. the capillary permeability, and the general cellular response to
1rnladve lrauma Parr) et al (1980) working with traumatised pig ligaments, found that
the inflammatory reaction, mdudmg biopsied ewdence of edema was reduced in the cold
«treated ligaments.

An obvious cffect of cooling is a reduction of the metabolic requirements of the
injurcd arca and s'urrounding tissues (Olson & Stravino, 1972). This cooled environment,

.'rcduces the oxygen needs of the tissues, causing fewer metabolic by-products to be
formed (Kramer & Mendryk. 1979), and limiting the secondary hypoxic damage.

Cdld also limits edema formation by reducing the hydration of the imercelluiér
spaceS. Olson and Stravino (1972), claim that cold initially provokes a direct dnd
‘pcrsisler;l conslriciion of the superficial blood vessels,a reﬂex vasoconstriction via the
central ner;/ous system, and a delayed vasoconstriction from hypolhalamic'activation.

- From the previous sections on muscular and culaneolus circulations, it must be assumed
. : . /
that these reactions are confined to the cutaneoys circulation.

Cold appears to Iimit edema formali?)ﬁ"ﬁ_\; a Qariety of mechanisms._ The visedsit‘y
"‘of blood increases wilh eooling, and >along With the vasocdnstniction acls' in 'slo'wing blood
ﬂow through the area. These two factors. combmed with the reduced Capillary surface
area, caused by the smooth muscle constriction, work to reduce capillary. permeability and

eapnllary hydrostatic - pressure.. This reduced hydrostatlc pressure apparently favours the

v'é'~ﬁb'sorp,tion- of fluid from the interstitium, and restrains filtration out of the capillaries



)
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(Kitchin, 1963, Stangel, 1975, Knight, 1976, l,cc(&'Warrcn. 1978).
The mechanism of. vasoconstricion, and a reduction of the local celtular

metabolism, figure prominantly in limiting edema. and the formation of hematomy
\ .

t

-
<

Pain

Although pain does not interfere directly wi[h_lhc SO}I tssue heahng processes, i
is probably the most aggravating complication.

Cold has been demonstrated as an effective pain reliever. Benson and Copp
(1974), produced evidence that 20 minutes of ice application was significantly morce ¢l
fective than 20 minutes of ShO}l wave dialh’ch;m)'. in clevating the pain threshold 1o
pressure.

" Several theories have been advanccdvon the mechanism ol‘llhc pain rciucl which
cold mediates. Chu and Lutt (1969). propose that cold numbs pam by causing the
sensory nerve endings to conduct fewer impulses to the central nervous system. Laing ¢t
al (1973), suggest that it is the local tissue response lo injury which causes the most
discomfort. Cooling depresses these responses, wﬁich has a more significanl cffect on
"

pain relief, than the reduced nerve conduction. The most popular explanation appears to
be that of "counter irritaTion". It is claimed that cold stimulates the cutancous receptors,
causing a bombardment of the central pain receptors to such a degree, that afferent pamn

impulses are obliterated (Olson & Stravino,.l972. Wise, 1973, »Slahgel.: 1975, Kramer,

1977).

Muscle Spasm

The applicationiof cold has been found to be é very, useful method of rcducxhg
ihe rhuscular Spasm whiéh’ is ofien 'éss6ciateq with a soft Lissu,e‘injury. Muscular spasm
tends to-céuse ,p_ain through a ."Sp:ism-vischem.i‘a-pain-vspasm"‘ cycle, and also restricts
-early mobilisation of injured parts. Fﬁrther secohdary darﬁage o‘ccurs as a co‘nscqucncc of

-

muscular spasm. The vasoactive substances released by dam_aged vessels, combined with

.
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the actual force of the injury, may caus; irritagtion of nerve éndings, resulting in pain.
The pa;n often mediates muscular spasm. which also decreases blood flow through the
arca and forms additional vasoactive meltabolites (Hocutt, 1981).

Boes (1962). recorded the electromyographic (E‘MG‘) acuivity of the patellar
tendon reflex responsc in hemiplegics and quadsiplegics. The magnitude of this responéc
diminished by approximately 34% during cold pack application. lxcm (1963), siates that
muscle spindlé activity begins (o become depressed at relatively high muscle lemperatures
(32 °C). so that a great dea.l of cooling is not required to redg;;’e spasm. This" reduction in
muscle spindle activity with cooling, is one step towards riducing spasm, and allows
movement of the area wilhoﬁl eliciting the stretch reflea (Raptou, 1968).

Coolihg also diminishes the rate of ncrvous impulse transmission. Nerve
conduction begins 1o fail al 27 Qand 1s blocked at approximately 10 *C (Raptou, 1968).
This along '"Wilh the LOUH[CI’ lf;ilalfve effect of cold, breaks the pain reflex arcs.
preventing cfferent motor. ifnpulses to spastic muscles (Olson & Slravinq_ 1972). The
final mcchaﬁism of spasm reduction, cited by Stargel (1975), is that cold alters the
viscosity of muscle, reducing it's contractability by some degree. It is probably a

combination of these mechanisms in conjunction with the pain reduction, which helps to

break the muscle spasm cycle. and permit a more comfoftable and speedier recovery.

Circulation

In interpreting their observations, therapists have extrapolafted, from Lewis’
findings on the éirculation 1o ihe finger-tip, conf using the physioloéical effects of cold on
the cnculauon (Knight; 1976). There are several pomts aboul Lewis' (1930) study whxch
should be consxdered when extrapolatmg from his results

Fll‘Sl]), the measuremgm_s were conducted on a finger tip, a highly Yascular'area'
with numerous anerio-venous anaslan{oses ,.and not at all a .t'y'pical BOdy pérl (Grant &
: Bland, 1931) The findings of Fox and Wryatt . (1962) have demonstra[ed that the

]

" responses of dlfferenl cutanco% body snes vary widely in Ihe magnitude and type of
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response 1o cold.

A second point. is that the finger has a high bonc and skin composition . with
very little underlying muscle. Blood flow in the finger up 1(\ largely confined 1o the shin,
so that extrapolations from these vascular changes observed. 1o the mu;xclc arcilation
may be erroneous.

The fact that Lewis measured finger temperature, and not finger blood Tlow . s o
third consideration. According 1o Greenficld (1963). the temperature of the skin depends
on so many other ’faclors_ that it is a very imperfect index of skin circulaimn. Skin
temperature depends on; the temperature of arterial blood, the rate of blood flow through
distal and subjacent parts. the nearby musc-gx/lar activity, the rate of sweat cviporation,
and the temperature. humiditv. pressure. and motion of the air {Greenlicld, 1903)

It is common for crvgtherapy exponents 1o extrapolate from the vascular chanpes
noted in the fingers by lewis (1930). 1o circulalor;\ chaunges i other Vqscul;nghcd,\..;".rhc.\c
misinterpretations are often not apparent. until actual blood flow measurements are

-

made. .
' <

Folkow et al (1963), enclosed. one of a subject’s hands in' a water
plethysmograph, with the water temperature at 0 ‘C. The contralateral hand was placed m‘
a simihar plelh_vsmograbh with the walter at 35 °C. Blood flow in the experimental hand
decreased from 15 mi/100 mil of (issue;min. o 1-2 ml/100 ml of. tissue/min. Control
hand blood flow was also reduced, but lg’:sS .markcdly. This ‘vasoconsmdion disappeared

>

within 3 10 4 minutes, whereas ‘the experimental effect remained intense for between 6
and 15-minutes. The reséarchcr§ ‘p‘pSlulaLed that ‘a- ref _lc':xf‘ncu»rog'cﬁic component reduced
the blaod Tlow in both hands, but (the echri_memal hand, had a loca!l cold inidu_ccd- vaso:--
constriction superimposed to produce the larger flow reduction.

» Knight and Londereé (1980}, measufed the blopd ﬂdw to the anklcf." using strain

gauge plethysmography. T hey compared 25 vminules of local heating (67 °C lowels ). and

25 minutes.of local cooling (-7 °C cold packs), with com‘rols.‘. Blofodb flow in the cold
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treated ankle was significantly reduced. and remained at this level for the 20 minutes of

post - Lreatment monirorm’g“:“'

Clarke, Hellon arN\Lind (12)58):,' ulih’sed strain gauge plethysmography to measure

forcarm blood flow under different conditions. These experimenters observed little’ change

R\

in forcarm blood flow in 10 "C water baths, a slr’ght increase at 6 "C. and a pronounced
increase at 1 "C. This increase was sometimes‘up to 3 or 4 times the resting blood flow.
The use of upper and lower strain gauges, and adrenaline ion[ophoresis, confirmed that
the observed flow increase, was mainly confined to the muscle cf'ffularion. C!arke and his
co-workers, suggested that thr's forearm vasodilaliOn was caused either by the direct-effect
of cold on the forcarrn vessels, or an axon reflex in the somatic nerve supply. Considering
the penetrative effect of cold, the latter theory ao}rears to be)mor:e credible.,

The sesults of such blood flow studies. casr‘:d‘oubts onj“"rh;: hypothetical bases for
the lherapeulic usc of cold. While Alhe ’peripheral chanébs that take place in response ro
locaélcooling are reasonabl\' well documented, the deeper internal circulatory changes,
remam vague, and are the subject of much speculation. Al\umes deep Vascular changes

may .parallel or complemenl perxpheral changes, but on other ‘Qccarsxons \hey may be

compensatory. for homeostatic purposes (Murphy, 1960, Keatinge & \{{arman ~1980).

) \
N

Contraindications o

AN k)

The therapeuue ef fects of cold therapy are unquesuonable but in 1are srtuauo\ns

it may have delererlous effects. Grant (1964), drscovered no’ comramdrcarrons in 7000 s
~ outpatients whrch he treated’ wnh ice. He did however avord symptomatic rheumatord
.arthnus patients, as such condmons could respond thh@%creased pain and joint suff ness

(Barnes 1979}. Any body areas with compromxsed crrculatron ( for example some dnabeuc
condruons and Raynauds syndrome), could become more rschemrc wnh cooling (Kramer\
1977, Barnes 1979) Short exposures of extreme cold have been shown to mcrease cardrac »
contracule force and ralse the artenal blood’ pressure (Murphy, 1960 Wayloms 1967)

&

"Hames (1967), avoids cold over the heart or left shoulder areas, although Lamg et al
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LA
(1973). suggest that ii is the anxiety associaled with this. rather t’f'ién the cardiac cffects,

8

which is the most threatening.

-~ vz

Persons who have sensory impairment, arc paralvsed or comatose, mav be at rish.

of suffering a cold injury, if they are unable 1o distinguish the sensations associated: with
cold (Kramer, 1977, Barnes, 1979).

A hypersensiti‘vity to cold has been noted in a Iew patients. This reaction is prob-
ably related 10 a "’histamine-like" release in the skin, causing hive-like cruptions (.Olson
& Stravino, 1972). v _ - |
3 | The above memioned conditions ar} relatively rare in athletic populalionsj where
the main hazards of cold lreatrpeﬁi e limited to ice burns, and zdcma causcq'h_\

prolonged ixsage (Matsen et al, 1975, McMaster & Liddlc. 1980). Ice therapy can be an

exceptionally safe form of treatmc/rit) provided that attention is paid 1o tissuc viability .



HI. METHODS AND PROCEDURES

“A. Subjects

'
The present study cxamined the right forearm blood flow of 20 ugfversity student

volunlcc'rs. The age of the volunlcers'ranged from 20 to 3¥\vrs with asmean age of 25.5 +
3.35 yrs. All subjects were Serecncd for cardiovascular anomalies prior to testing. The use of

the right arm only for blood flow measurements. was necessitaled by the set up of the

- . :
experimental apparatus.,

bThe.l ‘éubjects were assigned to two groups. Group A consisted of 10 subjects who

o

cxpcncnccd a 5 °C water b'alh‘ﬁrst and group B of 10 subjects who were immetsed in a 10 ‘C

©owater balh first. AH subjects experienced both of the expenmema] temperatures, but the order-

7

ol \pruemauon was reverscd
Or the 20 subjects, one was screencd out prior 1o lesjing, because of an adverse
reaction of nausca, dizziness and visible distress, in response o occlusion cuff inflation. Data

for another three subjects were removed.prior to analysis, because of incomplete data.

~

B. Environment .

.

All of the blood flow meastrements were conducted in a thermostatically controlled
laboratory, with. the room temiperature ranging from 23.5 to 26 °C. The mean room

lcmperawre throughout the study was 24.7 + 0.7 °C. During the experiment all of the

subjects were clothed in normal street amre but all wore a light cotton t- -shirt with loose
‘»

f uﬂng sleeves on- thelr upper bodies. Blood flow measurements were carried out during the

"5 KL

momhs of October November and December thh the ambient temperatures ranging from
l

-11 to +18 "C. The average hlgh tempera_mre.over this period was 2.03 °C, and the average
dow-s.d3°C.- L

Lo
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C. Instrumentation

.

Forearm anthropometric measurements were made using a Gulick anthropometri
tape. !
Blood flow estimation was made using double stranded mercury i silastic stram

gauges. ' The strain gauges were attached to the forearm using perspey mounts, similiat 1o the
. 4 - :

Whitney mount (Whitney. 1953). Thesc pérspcx mounts {plate 1) dilfer from the Whitney

N -
mount, in that the support pillars were contoured to fit the shape of the forcarm. and allow

better gauge compliance. The mounting system used -by Whitney, was roversed for the present

study, so that instcad of a slight gap between the ends of the stram gauge, a slighi-overiap

ocqurred. The strain gauges were selected o suit the arm circumfcrence of the subject, so that

adequate adjustment was available within the perspex mount. to shorten or lengthen the
&

gauge, reproducing a 20 g tension.

Plate 1

Perspex iQ gauge mount .

N

'J.A Preston corporation, 71 Fifth Ave., New York, N.Y. 10003
*Parks Medical Electronics Inc., Beaverton, Oregon 97075 ‘

-~

’
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For recordings, the strain géﬁlgc was connected as one arnf of a bridge ciréuit, the
output of which, was recorded on a polygraph. ‘(Beckman Offner Type RB Dvnograph
Recorder with a 9875 coupler)’ ' \

No temperature compensation was used for the present study. The -effect of
lemperature on strain gauge sensitivity, was checked using a water filled bladder. and was not
I’o[md to be significant. (Appendix C)

Vgnous outflow from the forcarm was occluded using a proximal occlusiop cuff 9 cm.
&slcncd around the upper arm. This cuff was connected to a § gailon constant

in width,

pressure drum, by wide bore plastic tubing (1.5 cm 1.D.), allowing rapid cuff inflation, using

.
’

a solenoid valve, 10 65 mm Hg. du‘ring recording. A; each subjc;l acted as their own controls,
a standard cuff occlusion pressure of 65 mm Hg was used. and provided suitably reproducible
blood flow traces in all experiments. The venous occlusion cuff was deflated via a solenoid
valve opening to negalive pressure. immediately after 5 sec. of occlusion. A distal wrist cufT,
4 ¢cm. in width, was made from a bicyd}e’ inner tube, and was placed around the wrist (o
c‘>ccludc hand blood flow. This cuff was inflated 10 250 mm Hg from a constant pressure
laboratory source, and was deflated passively.

A’ perspex water bath* (Plate 1) was used to maintain the subject's ferearm in a
standardised experimental position throughout the /monitoring period. This bath allowed vthe
subject’s hand to be sealed outside of the water bath, by means of a neoprene sleeve and the.
wrist occlusion cuff. Water was introduced into the bath without disturbing the experimental
position of the subjecl'sv forearm. Filling of the water bath was by siphon, assisted by an
cleclri’c.al pump.

Water at the experimeﬁtal temperature was obtained from a 564 1. water tank, in

i

which the water was constantly stirred, and the lerriperature was maintained at a constant

~temperature £ 0.2 °C, by a refrigeration unit.

4 .

* Offner Division of Beckman Instruments Inc., 3900 River Rd., Schiller Park,
llinois - ‘
355 em x 1_6 cm X 16_.5 c¢m, capacity 9.09 1.

?



Water tank temperature, cxperimental bath temperature  and the forcai. ~hin
temperature were monitored with copper/constantan thermocouples sead with an analoy meter

(Bat-4 laboratory thermometer).*

Plate 2

. Perspex water bath with neoprene sleeve
¢

D. Testing Procedure

Anthropometric Me'asurement
The subject’s right arm was used for all blood flow measurements. The distance be

iw_een the right-lateral humeral ep‘icondyl’c and ihc right .ulnar styloid proéess was measured 10

«

$ Bailey Instruments Inc..' Saddlebrook, N.J. 07662

0
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the nearest millimeter, with the anthropometric tape, with the subject’s arm in tﬁe
experimental position. This experimental position had the subject’s elbow joint flexed to 90 °
and the forearm fully pronaled. Water fast marks were made on the extensor surface of the
f‘ofcarm. at 25%, 50%. and 75% of the length. The mark at 25% of the length from the lateral
epicondyle, was the proximal monitoring site, and the 75% mark was the distal monitoring
site. The midpoint .of the forearm was'designatcd by the ’50% mark. These marks were
retained by the subject’s throughout -the cxpcr‘imem, although ‘five Temeasurements were re-
quired over the 40 lri.asls. The forearm girth was meas‘ured at the proximal and distal

monitoring points, with these circumferences recorded as the baseline girths. These girths were

remeasured at the beginning of each trial. before the strain gauges were positioned.

Gauge Attachment

The mercury in silastic strain gauge was. clamped into the perspex arm mounts, and
these were altacl;ed to the éxlenSor surface over the forearm, using micropore surgical tape.
Care was [akcﬁ to.position the mounts so that their midlines were directly over the préximal
and distal marks. The strain gauge encircled the arm as a double strand, with the free end °
being hooked over the attachment reel (plate 1)! The gauges were also held in place by 2 cm.
lengths of clear p‘laslic tygon tubing * (2 cm. 1.D.) split -lengthwise. Three of these were
positioned around the circumference of the arm with micr;)pore t.ape,'and the.arcﬁlof these
devices, prevented the gauges from rolling proximally or disléll& from the target cross section,

without interfering with the gauge function. -

Expcr‘imenta'l Positidning

_ ' Wilh the gauges in pdsi[ion the subject's arm was then located in the water bath, L)
. ‘ ) .
thal th/o’ﬁ‘ and_profruded lhrough the neoprene sleeve. The dlstal wrist cuff was applied around

the. wnsl as per Kerslake (1949) at the level of the styloid processes and lhlS was secured in’ -

’

* -Fisher Scientific' Co., 711 Forbes’ Ave., Pittsburgh, Pensyivania 15219.
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pla(;e 'witil a locking strap. The subject’s arm was then pulled further back into the tank. until
the wrist cuff was flush with the perspex tank end. o

Seat height was z;djusled_ so that the subject’'s arm was flexed 10 90 °, the forearm
was fully pronated. and neither the arm nor the strain gauge mounts. contacted any part of
the tank. Although most investigators suggest that the measured limb should at least be at
heart level (Coop;r et al; 1955, Eagan, 1961), a dependent position was adopted for the
present study. This positio'n was uséd because it replicated the positions used during cold
therapy, and provided reproducible blobd flow recordings. .1t also allowed the hand to be left

r
free of the water bath throughout the experiment, in this way avoiding the pain_often

associated with cold immersions.
The elbow pad was adjusted, so that the experimental position was maintained. and
the strain gauges were kept free from the bottom of the tank. A pad was also placed. under

the hand so that the wrist was slightly flexed. and in a comfortable position Which required no

muscular effort io maintain.

Plate 3 . :

EXpeﬁmental posin‘qﬁ. for blood flow recording
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Occlusion Cuffs

The proximal venous occlusion cuff was placed as high up the arm as possible, with
the upper edge against the axilla. This was necessary to keep the cuff free of the water bath,
and any subsequent movement artifacts caused by bouyancy changes.’l'l was ensured that the
upper arm was always free of the sides of the tank, preventing any compression of the

vasculature, or any movement artifact due®o cuff inflation.

Temperature Monitoring

One of the copper/constantan thermocouples was taped to the extensor surface of the

forearm at the midpoint. using micropore tape.

Plate 4

Strain gauge and thermocouple attachment

s

-
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The other thermocouple was taped to the perspex wall of the tank, 2 cm. away from the side

“apd 2 cm. from the water inlet 10 provide measurements of water temperaturce,
A}

Gauge Tension Setting
The Offner recorder was switched on at leésl 30 min. prior 10 cach test to allow
adequate warm up before experimentation. - The dvnograph amplifiers »\;crc preset 1o a
sensitivity of 50 xV/cm, and the bridge balance control adjusiced 10 a resistance appropriate
.
for the strain gauges being used (eq_uivalem 0a20 g tension). Using the, tensign adjusting
nuts, the strain gauges were tightened around Lhe.forearm 1o produce a tension equivalent 1o a

20 g weight suspended from the gauge. When the bridges were balanced and cach gaugc wis

adjusted 10 a 20 g tension, the subject was left to rest. for 5 min.

Blood Flow Recordings

Thé distal arterial occlusion cuff was i;lflaled to 250 mm Hg from a constant pressurc
source. After 1 min. of wrist ‘occlusion, the first 'bloo:j flow recordings were made at t = 0.
On triggering, the proximal occlusion cuff automatically inﬂatedl 10 65 mm Hg, preventing
venous butflow, but permitting arterial inflow. Simullancou;.ly the chart paper speed increased
from 10 nim/min. to 10 mm/séc., and p_rdximzil and distal” plethysmographic recordings wcrc:
made. After § sec., the proximal cuff was deflated, and the paper _s‘pccd again slowed 1o 10
mm/min. The second recording wag made at 1 = 55» sec., and subscqucnﬂy cevery 60 scc.
thereafter. The wrist cuff was released for 45 sec. out of every 5 min., to maintain nutritive
blood flow, and fof subject comfort. That is, the cuff was relcased from t = 4 min. to t .:‘ 4
mi;l. 45 séc., again at 9 min., ahd so-on. - | | |

Att =10 fnih the waler bath was filled wuh water at the expenmemal 1cmpcraturc .
A small electncal pump assisted the filling, gmng an average f. xllmg lime of 28 + 0.7 sec.

Blood ﬂow was recorded wnh the experlmemal lemperalure water in lhc tank, [ or 30

min., and at' t = 40 min., the water was drained from the tank. This dramagc was by gravity
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siphon only, and required an average of 43 + 0.9 sec..for complete emptying. A further 30
min. of blood flow recordings were made, and at 1 = 70 mm,.C the experiment was terminat-
ed.

Forearm temperature from the thermocouple aj the midposition of the forearm, was

noted cvery min. for the 70 min. of testing.

k. Data Analysis

Blood flow was calculated from each of the plethysmographic inflow traces r?corded.
The calculations were made as described in Arppendix B. -

Because of incomplete data. three subjects were discarded from/lhe study. Because of
ihc high variability in resting blood ﬂow values observed. the changes in blood flow wérc
calculated for each bUbJCC[ u*ndcr each condition. Abramson, Zazeela and Marrus (1939).
noted a marked variation in the absolute resting blood flow values of apparenlly normal
subjects. Differences were observed for the same individuals measured on different days.
Hyman, Burnap and Figar (1963), found significant bilateral differencés in forearm blood
flow at rest. Lind and McNicol (1968), measured forearm blood flow following muscular
- exercise. Although the levels of individual ‘blaod fléw varied, each subject demonstrated the
same pattern of response.

The reasons for such variability have not been successfully def ined. Postulated catises
include; normal variations in cardiac output (Abramson ‘el al, 1939), autonomically induced
variations in skin blood flow (Hyman et al, 1‘963), environmental stimuli (Sparks,‘ 1978), and
e-gotional reactions ( Roddle 1983).

Humphrevs and Lind (1963) allowed for these mdmdual variations in blood flow, by"
kcalculatmg thc increase in blood ﬂow over the mean restmg f’]ow As the focus of the present
study is the chzfnges in forearm blood flow wnh coolmg a similiar treatment of raw data has

been apphed For each subjecl the mean restmg blood ﬂow was calculated for each

momtormg site (proxxmal and distal), on each occasion. Relanve blood f]ow was denved by
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subtracting the mean resting flo‘w from each of the thirty (30) recordings made dunng cold
" immersion, and lhc. thirty (30) subsequent recordings. Mean blood flow dt‘vxuli.()ns were
calculated for every 3 min. to provide 10 experimental data points and 10 post-eapenmental
points. The experimental data p(;'inls_ consisted of the mean flow deviations for minutes
12_13'_14“/ 15.16.17 7 18.19.20 / 21,2223 / 24.25.26°/ 27.26.29 / 30.31.32 / 33.34.38 ™.
36.37.38 / 39.40. And the post-experimental data points are the means of munutes 42 43 44
45.46.47 / 48,49,50 / 51,52,53 / 54,55.56 / 57.58.59 / 60.61 .62 / 63.64.05 /7 66.67.68 / (;*),70
: /
These transformations resulted in one (1) mean control blood flow value, ten (10)
experimental. and ten (10) post-experimental values.
] U;ing this transformed data, immersion (ecmperature and immersion time  were
examined with six (6) two wayv analvses of variance. Repeated measures were made over the
immersion time and immersion temperature factors, with proximal and distal blood How being
analysed separately. For cath of the blood flow moniiloring sites, three (3) lwoﬂ W’zi;' analvses
of variance were madt_’.. "The first examined experimental blood flow deviations. the second
contrasted post-experimental d‘eviau'ons in flow, and the third analysis of variance examined
experimental énd post-experimental deviations together.
.Mean forearm temperatures for each minute of cold immersion and recovery, were

. 3
calculated.



Ttine.

bolanx

[

1

Patent 1ot



IV. RESULTS | *

() ‘

A. Forearm blood flow

The major ;;urposc of the present study . was (o determine the effects of two dil‘t"crcm ’
immersion temperatures, on the cutaneous and skeletal muscle blood flow to the forearm ..

Nineteen (19) healthy, informed. male volunteers. with no reported cardievascular
anomalies, acted as subjecls', with onlyv the subject’s right arm being used for measurements
The age and anthropometric slalisu:cs:':oﬂ all subjects are included it Table 1.

The results and discussion are based on the effects of /'Iwo therapcutic immersion
termperatures (5 °C and 10 "C}, on proximal and distal blood flo / durm'g 30 min. of cooling
{experimental), and 30 min. sﬁbscqucm to the cooling (pOsl‘JéxpcriTL"lrlz;al). 5Thc distal and
proximal blood fiow deviations and standard dcx;ialion.\ of the lranSTOTIT)]‘C‘d data. arce presented
in Tables 2 and §_rcspeaivcly. The average resting blood flows were 1-.7] ml/100ml of
tis.sgre/min. and 1.88 ml/100 ml of lissuc/miﬂ for the distal and proximal portions respective -
ly. Craphic representation of the distal and proximal blood flow alleralions. ar¢ shown in
Figures 1 and 2 respectively. "

The two way analysis of variance (ANOVA) tests with repcated measures on both the
immersion temperature factor, arlclu the tmmersion time factor, for the distal blood filow
during the experimental 'pcriod. provided no significant. main cffects for ume or
len;p\;;;ature(Tablc 4). This ANOVA did however, produce a significant intcraction cffect
- (p<0.05) ‘ | ‘ : o .

The " analysis- for the post-experimental distal blood flow “deviations (Tablc‘ 5_),‘
demonstrated a significant main effect for Itime (p<0.001), and a significant intcraction be-
tween time _ér}_d immersion lefnpera[ure (p<0.001). The tempcrature fﬁéin effect was‘ not sig- .
 nificant ¢ ‘éx‘ﬁ | |
’fWith Lt_le,experi}nental and ?post-experimemal distél blood flow changes analysed

"together-(Table 6) no signif icant temperature effect was observed.
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Table 1 -

r

Subjoct statistics
CHARACTIRISTIC RANGE  MEAN TS
AGE (vrs) ) 20 - 33 25.55 3.33
ARM LENGTH 2430 27.03 | 1.29
{cm) '/\\'\V

1{(‘\
CIRCUMEFERENCE
PROXIMALLY (¢cm) C264-30 27290 9%
CIRCUMFERENCE
* DISTALLY (cm) 17.9-21.6 =~ 1885 96




average of three points (ml./100 ml. of tissue/min.)

Table 2~

Mean distal blood flow deviations

3 CCELSIUS

. -UjGUO
-0.760
-(1.5006
-0.894
0912
-0.882
-0,8068
-0.839
-0.73%

0,774

0817

TIME MEAN CUUSTD. DRVN T
] 0.75] 0680
2 0.764 0.501
3 0.722 0.624
4 0,721 0.639
5 0.755 0.523
6 0.721 0.646
7. -0.697 0.78}
8 -0.635 0.71s
9 -0.616 0.780
10 -0.546 0.680
11 . -0.129 0.611
12 03506 .. 0.70]
13 0.745 0.636
14 L0892 0.708
15 -0.890 0712
6 0.942 O.,(>28
17 -0.965 0.667
18 -0.897 0.613
19 -0.969 0.568
20 -0.876 0.628

COMEANT

TN sy

83

ST, DYV,

(.44

0.524

(.68

0717

().5(\;
0511
(.581
0.571
0.553
025490

(0.563

0.526

0.575

0.552

0600

0.63]

_ 0.666

0324




Jable 3

Mean proximal blood flow deviations
average of three points (ml2/100 ml. of tissue/min.)

O SCELSIUS T

10 CFLSIUS

TIME MEAN CUSTD. DEVND T UMEAN T T TSTD DRV
] -0.373 . (.47 0.312 0,449
> 0402 0.410 (.41 0.203
3 0.427 ' \\L/ 0.520 0562 0264
4 0.47) 0.353 0056 0.26]
5’ 0.3.%7 0.310 -0.020 0.3606
6 0.327 - 0.513 C 058 0.352
) 0.250 0.554° -0.573 0.3i5
0.216 £ 0.416 e 0598 0.321
0. 0.216 ()._43'4' : “ -0.601 0.432
10 0.176 0.526 -0.544 0.463
1 +0.020 0.587 -0.602 ~0.457
-0.405 0.656 ©0.683 0.441
13 0.613 ! Ns00 080 0.412
e ) | |
14 0.778 0590 -0.866 0.411
5 0.777 ("0.489 0745 0.563
16 6.733 0.616 0876 ¢ - 0.572
17 -0.904 0.478 . :0.832 0.514
I8 -0.867 0.432 . -0.699 0.572 "
19 -0.927 0.389 ©.0.759 0.637
20 088 0.421 ©-0.846 0559 -«
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Again significant time effects (p<0.001). and.imc__raclions' (p<0.001) were demonstrated.

A two way ANOVA of proximal blood flow changes during the experimentals period
(Table 7). revealed a significant main temperature cffect (p<0.05). with no significunl
interaction or time effects. During the post-cxperimental phase (Ta’hlc 8). the time factor had
a significant effect on proximal blood flow (p<0.001). and a significant interaction
(p<0.001) cffect. The temperature factor did not have a significant cffect.

]

The final two way analysis of variance. combining proximal blood flow deviatons

. during the experimental and posl-experimental periods (Table 9). produced no significant
temperature effect, but a significant immersion time effect (p<0.001), and a stgnificant
interaction (p<0.001).

The results of these analysis of variance tests arc¢ presented i tables 4 10 9,

B. Forearm temperature

The mean forca‘rm temperatures, and standard deviations du'ﬁng the experimental and
post-experimental periods, for the 5 °C and 10 °C lrcanncmé_ are presented in Tables 10 and
11 respectively. The graphic representation of these data points is shown in Figure 3. O

\\\/



SOURCE O

VARIATION

Temperature

within groups

Table 4

Analysis of variance-for distal blood fiow

COSUuMOr
SQUARES

main cffects 1.063

Temperature X

subjects 21 448

within groups

Time

main effects 1.058
.

Time X subjects

within groups 5.615

Temperature X

lime interaction 0.908

Temperature X

time X subjects’ Lo 6.908

~ DFGREFS
FREEDOM

deviations - experimental

60

MEAN
SQUARES

}_
RATIO

15

1.063

1.420

- 0.101

0743 NS

-~
NS
‘o)
Ve
Vel

1.956 *

* $<0.050



6l

Table 3
Analysis of variance for distal blood flow

devuations - post-experime il

SOURCE OF 7 SUMOI .~ DEGKREFS —  MiaN 7
VARIATION SQUARTS . FREEDOM SQUARLES RATIO

Temperature

main ¢ffects 3.387 1 , 38T 20038 NS
Temperature X
subjects 24622 15 1,641
within groups
i
A
Time
main effects ‘ , §.203 9 0.921 < 14208
1 .
N Al
Time X subjects
within groups 8.705 - 135 0.8
Temperature X
time inlcraction 2.8%4 9 0.320 ¢ Y9636 *
. . '
Temperature X : ) . ’ ' ‘
_me X subjccts 4787 135 ..~ 0.035
within groups



SOURCH G-
VARIATION

Temperature

main cffeccts -

Temperature X
subjects

within groups

Time

main cffects

Time X subjects

within groups

Temperature X

ume interaction

Temperature X
time X subjects

“within groups

Table 6

Analysis of variance for distal blood flow
deviations - experimental & post-experimental

41.047

12.204

25.968

Sae

16.775

SOMOE
SQUARES

T DEGRELS
FREEDOM

19

285

19

285

MEAN F
SQUARES __}TTIO
4.122 1.506 NS,
zl 730 A
0.642 7.049 **
0.091
0.217 3.684 **
o.Q§9 |
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Table 7 ‘
Analysis of variance for proximal blood flow
- deviations - experimental
SOURCE OF SUM OF  DFGRFES 7 MEAN B
VARIATION SQUARES FRE FDOM SQUARES RATIO
Temperature
main effects 4.613 ] 4013 G e

T

Témperature X o \

subjects 10.729 15 0.7158

- within groups

Time

main cffects ‘ 1.43s 9 0.160 ’ JO26NS.

Time X subjects

within groups = 13.263 . 135 0.098
oA
Temperature X '
time interaction 1.261 9 0140 1578 NS,
| | | O - s
Temperature X
.. 7 '
time X subjects . 11.966 | 135 : 0.089

within groups
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i
Table §
Analysis of variance for provimal blood flow
deviations - post-experimental
SOURCE Ot ~ SUMOF  DFGREFS MEAN T
VARIATION SQUARES FREEDOM SQUARES RATIO
Temperature
mam clffects ’ ().595 ] 0.595 0496 NS,
-
7
Temperature X
subjects 4 17.999 13 1.200
within groups
Time ~
main effccts 9.75) 9 1.083 11343 =
Time X subjects
within groups 12.672. o135 0.094
/
Temperature X
time interaction ,4.34] 9, < 0.482 5722
Temperature X o
time X subjects 11.380 . 135 0.084
‘within: groups -
; {




0S

- Table 9
Analysis of variance for pronimal blood flow
deviations - experimental & post-experimental

SOURCE OF

SUM OF DEGRE IS COMEAN !

VARIATION SQUARELS FREEDOM SQUARES RATIO
Temperature
main effects 4.261 1. 3001 DSaINS
Temperature X
subjects 25.02% 15 1.00Y
within groups
Time
main cffects 25,733 16 1.354 RO R
. {‘-'
Time X subjects
within groups 40.153 285 (4.141
- .
Temperaturo X
/ ‘ :
A -
ume interaction 6.549 19 0.345 30630+
Temperature X _ :
time X subjects 27.067 T28s : L 0.095 -
within groups ) : A»’
L v 7
uO a4




TABLL 10

Average forearm temperatures during cooling
5 C water hath

CCOOLING

 RFCOVERY

66

CTIMIE MEAN S.D. MEAN S D,
Rest 3.3y 1.09
] 17.7% 2.35 9.99 97
% 14.51 1.75 11.57 1.0l
3 13.45 1.80 13.16 1.27
4 1243 1.67 14.14 1.19
5 11.78 1.4% ' 14.50 ] 25
6 11.27 1 4y 1571 1.25
7. 1082 .37 1620 s
8 1041 - 1.30 16.72 1.3
9 10,13 1.39 17.76 1.20
10 9.5% . 1.33 17 .40 116
11 9.74 1.35 17.71 e
12 9.51 ) 1.358 17.95 EE!
13 9.43 1.37 18.24 1.06
14 9.23 . 1.37 18.48 1.06
15 9.16 1.39 15.65 99
16 905 b 1.40 18.91 1.06
17 §.87 1.29 19.01 18>
1% 8.76 1.17 19.16 ‘ 1.02
19 8.65 116 16.30 108
20 8.61 1.06 19.46 .9&\
21 8.5% 99 . 19.59 99
22 8.50 96 19.6§ 98
23 8.33 93 19.81 91
24 8.32 89 19.90 95
25 .28 91 20.02 95
26 8.20 ‘ .86 20.2] 94
" 27 8.16 .84 20.24 - .91
28 8.13 : .88 20.34 89
29 8.06 .83 20.41 88 -
30 7.96 .78 20.44 89
/



6"

FABLT 11 )
[ ]
Average forearm temperatures during cooling
10 "C water bath
COOLING RECOVT Y

TIM}  MEAN C S MEAN S
Rest 31.42 &7 Y
1 19.76 1.99 13,45 BT

2 _ 17.92 1.53 15.03 (S

3 16.83 1.30 15.92 ST

4 16.10 1.33 16.582 ol

5 1569 1.23 17.20 Tl

6 1517 1.20 17.80 0

7 1477 - 1.20 16207 0

¥ 14 .44 1.10 : 8.8 By

9 14.12 90 N .04 s
10 13.77 90 ~ 15.92 ENe
11 92 % 19 21 77
12 T4, 19 .41 S0
13 80 19.53 S0
14 65 ) 1976 l 1.0]
15 64 . 19.%4 499
16 60 20.0v G99
17 72 20.16 99
18 .72 20,31 S e
19 63 " 20.3% :@ @
20 .53 20.42 he!
21, 52 20.74 1.10
oA 55 20.77 1%
23 69 20.82 1.06
29 G 62 20.91 1.02
25 64 20.95 96
26 47 . 21.07 1.03
27 a4 21.17 1.1 .
28 47 21.26 1.06
29 52 . 21.20 1.01
30 .54 21.16 &4 .
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V. DISCUSSION

A. Fo,reqrm Blood Flow,.
The analysis Qf variance lests couqucleq for proximal and distal blood flow during the
treatment periods, deruonslraled a variety of statistically significant effects Ror immersion
" iime, immersion temperature, and interactions. (Tables 4 10 9). )
~ As described above, the distal blood flow measurement is considered 1o.includc a high
skin blood flow component, with very little contribution from skeletal muscle flow (C.(;(%%cr ct
al, 1955.' Clarke et al, 1958). For proximal blood flow measurement, the reverse holds true,
with the high muscle to skin ratio at this point, resulting in an estimaied flow . indicative of
skeletal muscle flow. For the purposes of the present sl}ud)_ the cxach}tg@mribulions of shin
and muscle circulation to. the blood flow measurements, cuuld not be dlscerned The
discussion of results has been based on the assumption. that this lcchmquc which has beeh
validated elsewhere (Clarke et al, 1958), m‘dxcates cutaneous and skcl_elal muscle cucululor;

v,

changes.

¢

It is’evident from tables 4, 5 and 6, that the immersion temperature kgg no significant
effect on dlstal blood flow changes. To this mvemgalors knowledge no prev; ous sludlcs have
examined the effect of immmersion ten@rature on distal (or cutancous) blood f]ow l~rom i

~ physiological perspecuve it would appear that the two immersion lempcratures had similiar.

influences on cutaneous flow , through a ﬁct effecl on’ lhc smooth muselc ulls of the

. cutaneous vessels and stnmufatlon of the cutaneous cold receplors

‘In the presem study, dlstal blood f low was not found 10 slgmf lcamly deorcasc dunng

the experlmemal perlod but decreased mgmﬁcaml) durmg the post- expenmcnlal pcnod and

--when the expenmemal and post expenmemal period were examined togethcr as onc lrealmcm

Clarke Hellon and Lmd (1958}, have reported dlSla] blood f low changcs for l C forcarm
1mmersnon Thelr data suggested a sllght increase. in dlstal blood ﬂow wnh Loohng but prs,

was nqt‘ stausncally-tqreaxed. Krugh-t and Londeree (1980). measured ankle blood flow du_ring ,

69
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-7 “C cold pack cooling. Blood flow was measured at a point 5 cm above the (lateral?)
. . ) N

mallcolus, a measurement which presumably includes a- high skin, tendon, bone compenent,
B \ .

with very hite underlying muscle. Blood flow during the 45 min. treatment period (25 min.

cooling and 20 niin. of posi-cooling), was found to be significantly lower than control blood

v

flow, " .

Most Jescarchers have int‘crrcd blood flow changes from cutaneous temperature
P

.

) dlluannm (Lewis, 1930, Knight et al, 1980) or from plelhysmographlc data obtained from

g;ral bod\ parts (Grennficld et al, 1951 1952) These findings suggest that a vasoconstriction

-

w‘gfl occ;ur iditially, followed by a vasodllauon or "hunting reaction”. From 'figurc 1, it

~appeats that distal blood flow in the present study, was reduced with cooling, the largest

BN

o

Credudtion i Tlow occurring after approximately 7 min. of § °C cooling. At this point. blood ‘

l'luw 18 réduced 47.4% from Lhc average, pre-immchion blood flow, and the avcragc forearm

R

shin, umpcralurc was between 10.8 and .11 23 C For the 10 °C cxpmmema] penod a

reduction of 50.39% in bloed l”]ow occurred at - 14 16 min. and the average fotearm

[ leeralurc was between 12. 9 and 13 2 C Keatinge and Harmah (1980)/, suggesl that 1f the

lissue 1cmpcra1ure falls below 12 °C, a reflex vasodllau%rf is hkelv No féfiex vasodllauons or

hummg rcacllons were obscrved in the presem sLudy "Thls mav have been because the

>

treatment tcmpcr-al_ures used were not sulficiently cold ton penctrate and lower the tissue

M
@ N

lcmpcralurcs to bclow 17 °C, or because of the Jack’ of reacuvuv in the forearm cutaneous

o
Ta L

uraulalmn On ‘the other hand, L§15 might be atmbuf’ed tq Lhe lack of arteno \enous

¢ uq‘(a'

anastamoses in the forearm <km (Roddxe 1983) }hese structugs- awconmdered essemlal f or -

LOld mduccd vasodnlauons or hummg reacuons to OCGLI' (Kalenak el zﬁ 1975)
: The finding that lhc distal blood ﬂow commued 1o decrease for 30 min. af ter, coolmg

.. & T .w . .
dm.s ot corrcspond ‘with Greenﬁeld s ('1903) conclusmns based on a revxew of the afler

. o~ K

chus of - Lold Hxs .rev;ew was based on the temperawne changes Gf the skm of acra] body

- ALy

p;;fls and suggesls lhat followmg the rempva} of fa coohng sodrce A Visodxlauon occurs, and

X o

pcmsts toa p,onm where the blood flow may surpass Lhal of the un_.t_rgz(;iéd,conrmla_teral limb,

» " . .'.-' ‘ . CEERT "o
) [ e S
et X A v

N W o,
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The finding in the present study concurs with the result of Knight and l(.’ondcrcc's (1980)
study. which noted a reduced ankic blood flow for 20 min. after cold treatment. As described
abo;/e_ much of the cold induced vasodilation, hunting rcaction and after offect vasodilation.
have been attributed to the involvement of arterio-venous anatamoses. With the forearm
being devoid of these highly reactive structures, such reactions are not often seen (Roddic,
193}%). A significant interaction between the immersion temperature and immersion e, s
deméhstraled for all of the analyses of distal blood flow. The inicraction during  the
experimental period is not particularly strong (p<0.049) and 1s likelv duc to variability within
the blood flov»". For the post experimental period, the blood flow curves appear to convérgc
o

with time, as the forearm gradually rewarms.

Most theories on cold therapy. sugges! lhai cold nmdull,t\ic'.\ should be removed prion 1o
a cold induced vasodilation occurring. This time is estimated ii:\ 10 min. by Wise (1973) 5 10
12 min. b\ Hocutt (l981)’,tand 20 min. by Moore ¢t al (1966). ..l)a_la and statistical anatvsis
Trom“ the present .study would suggest, that forearm distal blood flow is signilicantly r.cduccd

for up to 30 min. following a 30 min. immersion in 5 “C or 10 °C water. No cvidence for a

reactive vasedilation in distal blood flow, was provided for thesc temperature treatments.

“~a

Of note however, is the sharp increase -in blood flow, both proximally and distally,
after the 5 °C water was removed from the forearm (Figures 2 and 3). This effect is dramatic
- ¥

and only appears 1o persist for 5-7+inin. after cold removal. The effect could be described as’

either the result of a hydrostatic pressurc removal, or a reactive hyperemia. The-concept of

hydrostatic effects on plethysmographic blood flow estimation, has been discussed above. The

[ . 5
>

influence of h)_/drosfatic pressure oh forearm blood ‘ﬂow ‘mcasurcmém‘is considé;cd' t.o"’bc
. minimal (Dahn and Hallbook, 1970;'Franci_s and McCaig, 1985), and as in;.lhc present slu‘d:v,
‘ me Wa‘ter lev¢l was ,only" between 2 and 3 ’cms'above ';hc cxlcﬁsor suri‘acé ‘o!" the [ or‘:c_:aﬁrm.
‘< Ahy‘c'ifostati'c' pressure \}vas not expecleq 1o be a factor. If the hydrostatic ¢ff cc1,wa$.si'gni‘f"ic:a;n'l,

Ca Similiar effect. for both thes °C and 10 °C treatments would be expected.. A reactive

hyperemia fpéeafs to be a more plausible explanation for the observed blood flow increases.

- Loa . . - BRE .

JPRN
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/- ooble hyperemia is evident in plate 5. which demonstrates a distinct reddening of the skin
with p.ioerection. This reachion was observed in all parts of the forearm which were immersed

in the ~ C waler.

) _ Plate 5

. ' Reactive hypersmia of the forearm f'o)ldwir\g“

. a 30 min. 5 "C immersion

Cu -

:The mechanisms involved in reactive h_yperemiaa are riot clear according 1o Sparks (1978), and

“

~ probably involve a meiabolic compohém related to hypoxia of. the local vasculature "and
. . . - f .

- tissues. Greenf ield‘ 1(1963). proposes that "chemical substan.ceé" accumuiale durirfg circulalory

- .

interruption, and 'promote a vasodrlatron when- crrculauon is restored Another theory suggests <

thal the reduced transmurAl pressure in the vasculature durmg resmcted crrculauon initiates a

v

myogenic response of local drlauon,(Greenf ield, 1963, Sparks, 1978). All of ‘these mechanisms

may be operative, but the key to the rezg’ction; 1s the fact that the fogearmr treated in 10 °C -

P .
-
& ) . .
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| :
water, did not display the reaction. As distal flow is not significantly different for the two

temperature treatments . metabolic debts or reduced transmural pressure, can not account o

-~

the hyperemia. Presumably. the 10 *C immersion. does not cool the skin sufficiently o nitiate

the production of vasodilalory substances subcutancously. The reactive  hvperemia
. - 4
demonstrated for the proximal measurement, is not as intgnse asYhe distal eftect. and duning

the cooling phase the proximal blood flow was higher under the S °C treatment, than for the
10<C. This suggests that a reactive hyperemia of the skeletal muscle component of flow was
unlikely, and the increased flow observed. was probably the expression of the cutancous

portion of the proximal blood flow.

. v
~ .

The analysis of variangc results for the proximal blood flow (1ables 7 10 9). indicate
that the immersion temperature onh had a signifieant effect on blood flow during the cooling
period. This result is in accord with the findings of Clarke, Hellon and Lind (1958). who
fohnd Iha‘l biood ﬂ'ovx.f to the forearm was fclvz.nivcl} unchanged duh’ng 10 °C cooling ., increased
slightly at 6 "C, and at 1 °C, the increase was dramatic, although unsupported by statistical.

analysis. Through the use of proximal and distal strain gaugcs; and adrenaline iontophoresis,
Y . . L 3
it was established that this increased flow was prcdominamly 1o the skeletal muscle. The

differences in proximal blood flow with 1mmersnon temperature is Illustralcd in Figurc 3. The

a
!

dlrecuon of the change, in the present study, differs from the results obtained by Clarkc ct al

(1958). While these workers found that the proximal blood flow increased , with decreasing. -

K -

immersion lemperatures, the present study/indiéales that both immersion temperatures
' ’ b T —

re‘duced the vproximal blood flow, with- the 170’ C tempé‘ratufc being more cffective. With the

range of experimemal Lemperatures emmoyed for lXle presem study, 11%71s unlikcly 1hat the

penctrauon cf cold mto the deeper ussues was sufﬁcnem 1o o:ausc changcs m the vascu}ar

smooth muscle (Blerman 1939) and medxate a changé’ in the blood low. Auordmg 1o Clarkc:; .

N !"

et al (1958) changes to lhe sk?:letal muscle blood f]ow are’ the rcsull of an axon rcflcx in the

somatic nerve supply Prelnmmary work by these authors rcvealed Lhal f orcarm glrculauonv'

“r

'decreased wnh 42 C to 14 *C immersion, mcreased shghlly at 10 °C, and underwcm a markcd‘

N



B lhc [ low c%ves tend to converge and cross
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increasce at 2 "C. The mechanisms —f'or these changes are unclear, bu_l it is srrggested by the
irrvcstigalor, that at an opumum immersion temperature, the muscle blood flow and
cutancous blood flow are complementary, working 10 maintain the thermal gradient. At
temperatures below ‘this_ the blood flows become coumereffective: with cutaneous blood flow
reduced to prevent the cooling, and the muscle blood flow increased 10 maingrn liésue

’

viability.

The analyses of variance did not demonstrate a significant change in proximal blood
flow during the cooling period, but significant changes were noted during the

post-experimental period, and when the experimental and post-experimental periods were

cxamined together as a treatment. Proximal blood flow was at it's least at 8-10G min. for the

5 °C trcatment, where it was 22.14% below pre-immersion levels. For the 10 °C treatment, the

lowest average flow recorded was at the 11-13 min. poim, with flow reduced by 35.79%. After

these lowest flows, the proxlmal blood flovu appeared 10 increase gradually wrthoul anv

cvdmg or sharp increases.

‘After the 10 °C rrealmem.'proximal blood flow was at it's least wetween 17 and 19

‘

min. post-immersiorr (a 47.8% reduction), and between 26 and 28 miin. for the 5°C

immeTsion (a 48.05% reduction). - ST ‘ %

- o - . =

A s'ignificant interaction was demonstrated for the’ post-experimemal and the
cxpegemal plus post-experimental analyses Flgure 3 illustrates these 1meractrons Durmg
the C‘

%
provrdmg a more ef fective reducnon in blood flow. Followmg the removal of the cold water

o . ) >,

B. ‘For"carrn Teniperature \

c, - The fq*;earm coolmg and rewarmmg curves deprcted in flgure 6, are essenually the

‘ same in pfof ile for both the 5 C and 10 C treatmems They do however drff er in magmtude

W

.

ing phase, lhe two blood flow curves tend to dxverge wnh the 10°°C lreatmem"



immersion, and a slower rewarming curve,

#

Unlike Lewis' (1930), skin temperature curves i(’,or the cooling index finger, no fluctu-

ations in temperature, or “hunting reactions” were observed for cither of the experimental

temperatures. As the forearm skin is not rich with arierio-venous anastamoses (Roddic,

1983). oscillations in forearm temperature were n01 cxpcucd Knight et al*(1980) . monitored
ankle lemperalures during 40 min. of 1.4 ¢ water immersion. These researchers, observed a
sudden decrease in skin temperature in the first 5 min. of‘cooling_ {ollowed by a gradual
decrease [hrou-ghoﬁl _the remainder of lhe cooling period. The cooling z;rid rqwarming Curvc/s
for the ankle, plotied by Knight-el vadl,\z.arc remarkably similiar to the mecan curves obtained

from the present study. e .

The apparent discrepancies between distal and proximal blood flow (ligures 2 and 3),

and forearm skin temperature (figure 6). ar¢ noteworthy. While both proximal and distal
4 o .

Iy after 10-12 fhin. ‘of Tmmcrsion in’ both cxpcrimcmal

‘blood flows appear 10 increase sli

lemperalures forearm [empera e \C mmues to dgc,reasc throughoul |mmcrsnon dcspm

\

'underlymg bIood flow changes During the post 'mmersmn phase, the forearm lcmpcmmrc

4

mdlcates a gradual increase, in bloo ﬂow but the f]ow curves mdlcale that, b.bod Now’ 7

Temains depressed for lhe monitoring pernod These observauons lCﬂd 1o hnghhghl some of th ~

&

problems associated with inferring blood flow changes from temperature fl_actuations.

s

Coat
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‘randomly, with both treatments being experienced by all subjects,

Vit SUMMARY AND CONCLUSIONS

- Purposc

-

As cold therapy is one of the most commonly emploved treatments for athletic

injuries. it is ol interest to the therapist or practitioner, to know the most effective

methods of treatment. The rationale for ice therapy has been described, and illustrates
many of the theoretical inadequ‘ac;es associated with such treatments. In particular the
relative effects of cooling on cutaneous blood flow and deeper skeletal muscle blood flow,
has.' not been doeufaenled saﬁ’sfaclorily, In lig‘ht of lvhe observations by Clarke, Hellon and

s

Lind (1958). that cutaneous and skeletal muscle blood flow, respond independently to

_various stimuli, it was the purpose of this study, lo reexaming the paruuomng of forearm

‘ blﬁd flow in rcsponse 10 local cooling

 Methods and Procedures

Mercury strain gauge plethysmography was employed, to moni'tdr the effects of
two local cooling treatments, on the forearmn skeletal rhuscle and cutaneous blood flows,
v

of 20 male subjects. Due to attrition ~and mcomplete data only 16 Sub_]CCIS werfe

prescmed fox’ stausucal analysis. The subject’s right forearm was. immersed i cold water

on two separate occaisions, with proximal and distal forearm b}ood flow 'being monitored |

for the 30 min. of cold immersion (experimental), and the jO‘_rhin. following imﬁaersion

.

"(post-experimental). The treatment temperatures of 5 ‘C and 10- °C. were presented

.

Data Analysxs

Because of mtra and mter mdlvxdual vanabxlnqu restmg blood flow values all

dala was - lransf ormed- mto relauveo blood flow dev1auons by subtractmg- the mdxvxdual s

.04.,

mean restmg blood flow from a]l of the expenmemal and\post expenmemaf blood ﬂow :

mcasuremems These &v:atlons were. averaged for every three mmutes of the expenment o

~
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—a
(e

n
.o \
treatment temperatures and 20 time segments. were used (0 examine the effects of

treatment temperature and treatment ddran’on on the blood flow proximally and distally.

Results

The only significant Iemperalure effect noted, was for th proximal blood flows,
during the cold immersion. During this time, musde blood flow in the 10 ( m.nul
forcarm, was significantly less lha:n that observed for the 5 °C lrmud forcarm. Both
treatment temperatures significantly reduced the proximal and distal blood flows. duning
the post-experim'ental period. and when the experimental and post-experimental values
were analysed logefher as a 'Single Lrea‘tmem period. N,o: signiﬁcanf time cffect was
demonstrated for either the proximal or distal blood lows. during the cooling pcnod, The

lowest disf'al‘blood flows'recorded during‘ lhi.s experimental period were a 47 4% reduction

3

from the mean resung flow after 7 min. of 5 'C (.OOlln}: and a 50. 39 reduction after 1o

. mxrk of 10 ‘C coohng A 22.14% reduction in proxima!l blood Ilem was demonstrated al'ter

10 min. of 5°C cooling, and a 35.79% reduction after 13 mjn,: of 10 °C cooling.

\ﬂw.—é)erved immedialel)fm&)wing the 5 °C cold treatment, pcréisling for 5-7 min. The cf -

[P i
A reactive hyferemia in both the distal and the proximal blood flows. was

/

fect was not however observed for the 10 °C treated forcarm.

3 .

- Discussion . '_ .

~

Dnstal forearm Blood f]ow is reduced for both temperature Lreatmcms pTLbUIﬂd‘

: bly because of - the direct effects of cold on the smoolh muscle of 1hc cutaneous

A et

»’
K

: vasculature, and b_y reflex arcs, onginating with the cold reccp‘lors and scnsory nerves. It

18 pos‘tu-léted.by “the 'p‘resem" investigator, uthat‘.the 5.'C codh"ng was s0 severce- at the

subcutaneous level that- chemical yaéodilators were rormed and mtmaled a rcaenvc‘

-\., r \ P} A‘

hyperemla when coolmg ceased Other than thx< reactive - hypercmla the Luldn( ous

' -

. c1rculatory eff eots were essenually the same for the 5 C and 10 °C treatmems




78

Muscle blood flow underwent a significantly greater decrease during the 10 °C

treatment, than during the 5 °C treatment. It i suggested that this differefice ‘mayv be

N

altributable to an axon reflex, elicited by the 5 °C treatment. which mediates a decreased

vasoconstriction in th¢ muscle circulation.

Conclusions ™~

On the basis of the present study . the following conclusiopts were made.

B . g

N 3
1. - The 10 "C treatment significantly reduced proximal blood flow more than the S
"C treatment. This finding does not support research hypothesis 1.

P
-
‘&

Distal blood flow during the 5 "C treatment was not significantly different from

the distal blood flow during the 10 °C treatment. This finding supports rescarch

: ;
. . 4 . . .
hypothesis 2. ‘ . o R

"
.
?

' ‘The, proximal blood flow was reduced si'gnificanily by the 10 °C %re_atmem and

. s . .
! 3

the 5 °C treatment, with time. This finding does not support research. hypothesis

. - e < PN

. - i P
3.‘ ¢ . . ., . . , S -

| Al . i ¥

1

The dxstal blood ﬂow during the 5°C and the 10 C treatmem ‘was sxgmflcamly'

..

reduced with time. Thxs f mdmg does not support research hypothesxs 4,

1o

Clinical lmplicafions

cutaneous blood I‘low 1s reahsed after approxxmatelv 15 min, of coolmg A 5°C’ coolam\r-

The results of the present study mdlcale that Lhe mosl effectxve reduction in. -
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. . oy~ b N
does not significantly reduce cutaneous blood flow more than a 10 ‘C t(reatment. but does

cause a reactive hyperemia. This reaction is probably not a desirable effect when treatmy

"

an acute injury, and could be avoided by using the 1gR¥& K rcatment.

The most effective reduction in skeletal muscle blood flow . was acheived with
/

approximately 12 min. of 10 °C immersion. "

.

N -

A significant reduction in both proximal and distal blood flow was <>b¥crwd for
al least 30 min. following the 30 min. immersion in 5 °C and 10 °C water Thrs linding o
contrary to the commonly held theory, that an "al'lc.r L;ITCCl vasSdila,lim}," on cold ,\Ull‘l\‘(‘

roo A

removal, wili increase local blood supply. It s# suggested that ovcralll the 10 °C ¢old
treatment is more effective in reducing cu'lanéoux and- skeletal musche blood flow without
eliciﬁng any reactive increases in flow. S o .
.~ I‘"u}’the“r research ii« requiré;j in this arca to examine the cffects ol addinonal
urcalment temperatures, cold lreatment mod.a‘litic_s_‘_ and to maniptlabe regtment tmes,
with a view 1o estabiij:;hiné an optimal -cold treatment lcmpcralu‘rc‘ which v«fill produce the

desired results in the shortest period of time, and with mimmal patient discom{ort.

»
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Strain gauge calibrations
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" calibrations or blood flow measurements.
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/ N a .
The Offner Dynograph recorder was swilghed on at least 30 min. prior 10 any
; A '

n

o~
»

. : _J
With the Offner Amplifier gain sef, at 50 V, and the strain gauge coupler

potentiometer set at mid range (i.e. 500). 2 5 Ohm resistance was introduced into the
bridge via a calibration switch. The coupler was calibrated by adjusting the balance
until the recording stylus was zeroed. At this point the bridge was calibrated so that a

potentiometer reading of 500 = 5 Ohms .

The mcrcury in silastic strain gauge was attached to f_\yertical stand via the perspex
mounts. ‘The strain gauge ‘was connected to the strain gauge coupler, and a 20 g.
weigm.was suspe"r”’lded‘fr.om the end of the gauge. The coupler potentiometer was
adjusted, to zero the dynograph stvlus, and the potentiometer. reading was recorded

as the resistance l"or that gauge under a 20 g. tension. (i.e.-a potentiometer reading

of 602 = 6. 02 Ohms) ) ..

‘With the 20 g. weight removed, the stand was placed in a horizontal position’, and the
free end of the gauge was attached 1o a linear micrometer, The linear micrometer was
mmally adjusted 10 reproduce the same resistance recorded for the mercury strain

gauge under ZQIé tensron - Q

e

The mrcrometer was - adJusted to produce 10 mm mcremems in gauge length
i

resultmg in stylus devrauons From these recordmgs the average pen deviation for. a’

1.0 mm change in the strain gauge length was calculated and recorded "

ThlS procedure was repeated for each - of the 6 stram gauges w1th the gauges

: connected to the proxlmal and- then the dlstal stram gauge couplers Thts procedure

‘ ~Was repeated three times throughout the study, with the average results, and strarn



-J

gauge characternisnics presented in Tabic 12,

Table

© 9.

) 12
Mercury Strain Gauge Clmmc'lc‘ristic.\
. %
- *
. DISTAL CHANNFL 50 V' PROXIMAL CHANNEL 3G 4
» | L . ‘ . o
‘ Resistance Devn..for Ri¥sistance Adevn. for
Length for 20 g. 1 mm. “for 20 ¢. mme
Gauge (cm.) tension’ streich tension stretehe
A 450 s750nd 13028 0 438 0onm EREX
B 47.5 5.76 ?m 121.30 4.3% Ohm 132,09
C 50.0 $69 Ohm 114.25 + 432 Ohm 126,73
R |
D 575 €.34 Ohm - 116.89 4.99 Ohm (13LE
( - ‘ ; v ’
E- - 600 6.87 Ohm. 125.22 _5.45 Ohm’ 136.04.

F o re2s

7.080hm

»

122,34

——

o 5.65 Ohm. -

13677
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Bloodflow calculation
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The strain gauge mount was atlached to the forearm in the appropriate position, and»

the tension was altered with the adjusting nut. to reproduce a 20 ¢ tension.
Plethsymographic inflow traces were made as per the expernimental procedure.

lgnoring the initial cuff inflation artefact. a tangent was fitted 10 t(he

plethsymographic inflow trace, and the slope of this tangent Z, was calculated as mm

. deviation/sec .«

This figure Z was multiplied by 60 to give Y mm deviation/nim.

-

’

Y (mm deviation/min.) was divided by a calibration factor for the strain gauge and

the recording channel used, from Table 1. This equation vielded W the mm of strain

-gauge stretch/min. \‘

~

-

!

The mm of strain gauge stretch, W, was divided by the resting circumference of the
recording site on the forearm (mm,), and multiplied by 100 to.give V-, the pereentage

change in circumference.

By multipl§ing the percentage circumferencé chahgc by a factor of two (2), the

percentagé‘f‘éh{nge in volume is given. This percentage of volume change, cquals the

g

forearm blood flow at that point, and is:given in terms of ml/100 ml‘of'_tissuc/_min.

~
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Temperature effect on mercury strain gauge sensitivity
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To ascertain Qe fossible effects of the experimental temperatures on the mercury strain gauge
sensitivity, two trials were carried out 10 monitor changcs’in the strain gauge function.

For these trials, a' water filled"bladder was suspended in the perspey water bath m the
position Lhalithc forearm would normally occupy. .Thc rubber bladdgr was [iled with room

. ~ .
lemperature water, and was connected 1o a 2 ml. pyrex svringe. Stramn gauge "A" was

assembled 1n the perspex strain gau{zc mount,. and was applied to the bladder i the same
manner as application to the forearms of subjects. The gauge was connected 1o the dvnograph
recorder, and the tension was adj:Jslcd 10 20 g. The s_&"rihgc was used - 1o increase the bladder
volume by 1 ml, giving a corresponding deflection vof lh'c recording stvlus. One mi of volume
.;;vas then withdrawn from the bladder. This lengthening and shortening of the gauge was re-
peated 5 times for each condition.

The procedure was carried out nitially with the water bath empty, and then
experimental temperature water was introduced into the bath for 30 min. as per the
experimental ﬁrocedure. After 30 min. the water was drained from the water bath and volume
changes were made for a further 30 min. Volume deviations were made cvcr_\‘ S munutes foi
the entire 60 min.

The, percentage difference between the deviation caused by a 1 ml volume change was

laled‘ at room temperature and for each of the experimental l"imc segments were
calcu]ated and were used as fneasures of @ temperaturce effect on strain {.dgz_( senstiivity .
The results from these trials are contained in Table 13. .

' The percentage error in.estimation of changes in circum!’crcncc caused by temperaturc
effects on the sensitivity of the strain gauges rangcd from 0.03% to 2 8] %a . These crrors of
esumauon were-all’ overesumauons for the 10 C trials, and undcrcsnmauons for the 5 °C
mals Thls suggests that the differences were as miich due to experimental error, as thcy were

e

10 a distinct temperature ef feCl L . )
The net effect of these effects is a poIenual error of .06% 10 S ()?‘o in. blood Tlow -
estimation. No dxrectlon can be assxgned 1o [hlS error, butl it is-not consxdcrcd significant,”

lxght of the magmtude of changes in blood flow observed durmg coojmg
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\ ’ Table 13 x

Temperature effect on strain gauge sensitivity

S°C IMMERSION © 10 °CIMMERSION

TIME S MEANDIVN. @ DIFEFRENCE T MEANDINN. % DIFFERENCE

Res 7 ® TS R \ 36047 v
. S Cold water added _'
. Smin. - 70T - ‘_._~N 35.58 mm , It
10 min. 40.494 mm 28 36.67 mm , )
15 min. - 3985 mm 1.7 _ 36.50 mm .
20 min. 995mm 1.46 © 36.00 mm
25 min. , 40.38 mum - .39 35.70 mm
30 min. 40.05 mm S 1.21 . 36.33 mm
Cold water removed
35 min. 39.96 mm 1.43 36.08 mm 11
40 min. 39.54 mm 5 2.47 36.14 mm : .28
45 min. 1982 mm 1.78 36.05 mm .03
S0 min: 3940 mm 2.81 o "35.68 mm 1.00
- S5 min. . 40.50 mm . 10 35.72 ram .89
P S 60 min. 39.67 mm - 247 3573 mm - © .86
o . ) . ’ ‘ e —
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Informed consent form for investigative study:
"FOREARM BLOOD FLOW WITH LOCAL COLD APPLICATION"
SUBJECT CONSENT \
1 do hereby agrec to participate in the study entitled

"Forearm blood flow with local cold application” conducted by Phil. Handgock.

| dé not/have not suffer(ed) from peripheral vascular problems, blood pressure-abnormalities
. e :

or cardiovascular anomalies.
2
. i

The investigator has cautioned me, as to the potential risks of the study. and of the sensaticns

that I can cxpect to experience during cold water immersion. | have been advised that | may

withdraw from the study at any ‘time.

SUBJECT'S SIGNATURE - . DATE

I was witness to the above'expimalion and signature

WITNESS' SIGNATURE ~ + | . DATE
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