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Summary

This study aims to define a method for acquiring fimb blood MNow
data from newborn babies on a continuous basis which would be
suitable for automatic processing. Pulsatile electrical impedance
and steain gauge signals were analyzed in 3 different ways. The
results were compared with estimates of flow derived from venous
occlusion plethysmography with a mercury-in-rubber strain gange.
Measurements were made from 33 babies. The impedance (ech-
nique was easier (o perform than the strain gauge technique. The
reproducibility of the vartous estimates of fow is shown in Table
3. The beat-to-hbeat reproducibility of simultaneous pulsatile mea-
surcments and of repeated measurements on different subjects
was pgreater from the impedance recordings (han from the strain
pauge recordings. The results of linear regression analyses be-
tween the different flow estimates are shown in Tuble 4. The hest
correlation with flow measured asing venous occlusion plethys-
mography was with flow calculated from the impedance pulse
height. F(Zue) (7= 0.76: 7 = 30; £ < 0O, The regression line
between these 2 variables was not statistically significantly differ-
ent from the line of identity. (2 <2 0.98), and the intercept is close
Lo v,

The measurcment of the impedance pulse height, & Z,,,. und
the subsequent calculation of F(Z,,..) could he automated and
provide continuous beat-to-beat blood flow estimations,

Speculation

A method has been defined which is suitable for continwous
ostimation of limb bloed Mow in newborn babies under intepsive
care, It is believed that this simple technique will help the devel-
opment of full understanding of the circulatory changes associated
with events in the neonatal period and thus help to lead towards
further improvements in the treatment of such infants.

Iis likely that the changes in cardiae ontput and its distribution
which muy be associated with apnoeic attacks and changes in
blood gas tensions during the neonatal period are involved in the
pathopenesis of permanent hrain damage To improve further the
treatnient of infants reguiring intensive care. it s portant thal
such circulatory changes are more fully understood. and o achieve
thix. there is a need for the development ol simple. noninvasive
methods tor the continuous estimation o blood {low,

Venous occlusion plethvesmography, using both air-tilled {21
23y and water-lilled cufls (5) or mercury in rubber striun gauges
(9. 15, 19) has been used 1o estimate lower fimb blood ow in the
newhorn, However, this method does not allow continuous mea-
surements to be made, and lurthermore, the essentially mechanical
technigues used are cumbersome and often difficult to upply. This
is particularly the case when long-term studies are required on
habies undergoing intensive care who require minimal handling
and who are likely already to be encumbered by the attachment
of physiologic manitoring upparatus. There s an additional ob-

jection to venous oeclusion plethysmogruphy in that the repeated
inflation and detlation of the vecluding culf may influence blood
flow when multiple measurements are made rapidly,

Electrical impedance plethysmography has been used in the
adull to estimate limb blood flow and by comparison with me-
chanical technigues has been tound to be simpler to use and
uncncumbering 1o the subject (8) Bstimates of limb blood flow
have been derived both [rom venous occlusion plethysmography
(127 and rom the analysis of individual arterial pulses (2, 4. 15
20y, Such analyses inctude the straightiorward measurement of
pulse height 120) as well as more complex methods (2.4, 15) which
aim to correct for inaccuracies introduced by venous and arterial
runotl. In addition o providing quantitative estimates ol limb
blood flow, the impedance technique has been used for making
qualitative assessments ol peripheral arterial disease (1.6, 14).

The use of pulse analyvsis clearly ofters the possibility to derive
estimates of blood Mow on i beal by beat basis and. as such. has
an vhvious advaniage compared with venous ocelusion plethys-
mography. The aim of this study was to assess the feasibility and
performance of electrical impedance plethysmopraphy for the
extimation ol limb blood tlow in ill newborn infants. Estintations
of flow were made using various forms ol pulse analysis and these
were contpared with estimates of flow derived from venous ocelu-
sion plethysmography using a mercury in rubber strain gauge.
The ultimate poal of the study was to develop a method ol analysis
which would be suitable for automatic processing, to derive blood
Mow dithis on & continuous basis,

MATERLALS AN METHODS

TTRCTRICAL IMPEDRANC T MEANU KEMINTS

ATour-electrode svstem was used for impedance measurements.
With this arrangement. a constant current is supplied to two outer
current electrodes and the measurement of the voltage appearing
between two inner voltage electrodes then provides an indication
ol electrical impedance. The instrument used in this study (P.M.5.
Lid.. Slough, Berks, United Kingdom) produced a constant am-
plitude sinusoidal current o 2 mA rms al 100 kHz and had an
output impedance of 13 kahm at o load of 0 ohns,

The clectrical impedance of biologic ussue in which there is
pulsiatile blood flow consists of two components: a basal imped-
ance. 7, ohm. with i superimposed pulsatile component. A7 ohm.
which corresponds to pulsatile blood flow within the tissue. A7, s
small compared with Z.,. and for recording purposes Z, must be
subtracted from the compasite signal o allow adequate amplifi-
cation of AZ. The instrument used i this study had an automatic
balancing circuit to achieve this. 7, was displayed in digital form
on the instrument. and electrical vutputs were available for re-
cording AZ and its first derivative, dZ/dsohms.

Measurements of the clectrival impedance ot infants” legs were
made using disposable band electrodes. These consisted of selt-
adhesive tape having a strip of aluminum running along the center
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(AM electrode tape). OQuoe current electrode was placed aroond the
fool. and the second was placed across the Jower abdomen. The
voltage sensing electrodes were positioned around the calf {Fig.
3. The adhesive tape on the voltuge electrodes was trimmed 1o
leave a sutficiently wide area ol the call for attachment ol a
mercury-in-rubber strain gauge. All electrodes were applied using
clectrode paste {Hewlett-Packard Redux cream). and no measure-
ments were made until the electrodes had been applied lor at least
10 min. The importance ol electrode position was investigated in
a pretiminary series ol experiments by making recordings of AZ.

The ratie of AZ, ./ Z, was determined tor ditferent values of

voltage sensing electrode spacing. Lo (Fag. 1.

MERCURY IN RUBKLR SEPRALN GiAl G M ASUREMENTS

Strain gange measurements (221 were made using gaoges con-
structed from mercury-hilled silicone rubber wbing, internal di-
ameter 5 mm, external diameter T mm. tDow-Corming. Ltd.).
electrival contact with the mercury column being made with
copper pins. The gauge formed one arm of a Wheatstone bridge.

which was operated at constant current. The 957 response tme of

the gauge and bridge together wus found to be 16,5 msee. and the
system will Faithtully reproduce signals up to a frequency of 23

Hs.

FpoB°
Wheatstone
bridge

b oL
gauge onanfant’s leg 4, sphypmontanometer cutl: /2 strain pauge, f, £
mmpedance curtent clectrodes: I £ impedance recording electrodes; £

Pragrant b show pesttians of mpedance clectrodes aid strinn

distanee betweenmpedance recording electrodes.

S AND ROLIFL

The guuge was passed once around the circumierence of the
call, between the voltage sensing electrodes (Fig. 1) and was
sevured by a small Perspex mount. The lension in the gauge was
maintained between 14 and 16 g The response of the gauge and
bridge was tound 1o be linear at the tensions used. Electrical
calibration of the gauge was performed in sire by switching either
17200th or 1/1000th inerease in resistance into the Wheatstone
bridge (71,

RECORDINGS

A lour-channel Hewletti-Packard direct writing, tecorder. type
74044, wis used Lo collect permanent records ol electrical tmped-
ance and strain gauge signals. Pulsatile recordings were made at
i puper speed of 1 em/sec and venous occlusion recordings at a
speed of {15 or | em/sec,

Simultaneous recordings were made of strain gaupe pulses. AZ,
and d7/dt (Fig. 20

Yenous ocelr son plethysmography was carried out by intlating
a thigh encircling pressure cufl o 30 mm Hg. Between 3 and 8
ocelusion slopes were vbtained from such subject, approximaltely
30 see being allowed between euch occlusion.

ANALYSIS O RECORDINGS

ELECTRICAL IMPEDANCE PULSE ANALYSIY

The electrical impedance pulses were anadvsed in three ditferent
witys, The first two were atlempts to uantitate limb blood flow
und were based upon the lormula developed simultaneously by
Nyboer (150 163 and by Bonjer (3) which is commonly used for
impedance Mow caleulations,

V=p-L/Ly -2 ih

where Vs the pulse volume. ml p ts the electnical resistivity of
bload (ohm em). [ s the vollage electrode spacing (emy. 7. s the
meur busal impedance (ovhms) and AZ s the pubsatile impedunce
change tohmy,

The resistivity may be written as

o=2.A/L
where A by the cros-sectional area of the limb sepment. Substi-
tuting dor pom eyuation | ovields;

AV = (L/40- A AL (2
Thus AV per 100 ml ol tissue = (AZ /7, 10,

Skrain Gage, A R

-~

P 20 Trave ot arternad pulsations froot the call of & newborn baby recorded simoltancoushy using electrival impedance. 37 and dZ.°d1 and mercurs -
im=rubber stran gauge. The measurement ot the maximum e of mipedance clunge dF 2dy, L s shown,



CONTINUOLS LIMB BLOKD TLOW
The first method used for calculating flow simply uses the
maximurm pulsalile impedance heighl. AZ,,,., (Fig. 3). for the value

of AZ in equation 2;
FiZ e} = (AZ s/ Zod- H 100 m1 100 ml - min

where Fl is the heart rate in beats per min,

The second method Tor caleulating How uses Nyboer and Bon-
jer’s formula but uses the end-diastolic impedance slope. AZy,
(Tig. ), as suggested by Brown ¢t af {4), The caleulation is based
on the assumption that there is no arterial tlow at the end ol the
cardige cycle. and that calt venous flow is nonpulsatile. Thus, the
change of impedance al the end of the cardiac cyele relates o
mean venous low alone, Because over the complete cardiae cvele
inflow and outflow are equal, this slope averaged over the cvele
will give mean arterial flow:

FiZiy = (AZ1/ Zo)-6000 mL 100 ml '-min

where A7y is the impedance slope at the end ot the pulse cyele, i
ahm/ sec.

The third variable measured Itom the impedance signals was
the maximum rate of impedance change occurring during the in-
tlow phase of the pulse oyele. d7./d,,.. (Fig. 23 This value was
estimated because the corresponding slope from transthoracic
impedance pulses has been shown to be closely correlated with
stroke volume (11). This measurement was made from the records
ot the first ditferential of AZ and was expressed in terms of 7.,

Ten successive beats were analyzed trom each impedance re-

Lrbian

cording. The mean values ol FiZ,..) F(ZD) and —
-
then used for comparison with strain gauge measurements.

Were

STRAIN GALIGE FTOW OCALUTT ATIONS

The pulsatile recordings irom the strain gaoge were analyzed in
similar fashion o the impedance recordings. Cualeulations were
made using the equation derived from the work of Whitney (22

AV = AR/R- 1) (3

where AV is the volumie change per 100 ml tissue, AR i the change
in strain gauge resistince tohmy. and R is the resting strain gauge
resistance (ohm). The use ol electrical cahbradon as described
above means that the actual vialue ol R need not be knawn.

The two estimations of flow from the strain pauge tecordings
were then made from the following:

FISG et = A8/ RH B0 mL 100 md “min

where H = heart rate (beals/min).
and .
FSGT)) = ASGDAR.GU00 mlL 10 ml oun !

The terms ASGr,... and ASGID relate to the maximum height of
the strain gauge pulse and its end diastolic siope and are cquivalent
W AZ . and A7, in Figure 3.

Fig. 3 The measarement of masimum impedance palse hepht, 372,
and slope at the end ot the cardiae cyeles 32D trom arterial impedance
pulses.

ESTIMATION IN THE NEWHORN 1053
The maximum change in strain gauge resistance seen during
dR Adt,,.,.
R
The same ten siecessive beats from the strain gauge recording
were analyzed as had been from the impedance recurding.
Flow during venous veclusion wis caleulated trom the strain
gauge recording using the formula:

1F(8C 7, = AR 6000 ml 10 ml

the inflow phase of the pulse eyvele was expressed as

min
where AR is the change in strain gaupe resistance per see during
venous oeclusion.

REPFRODBUCIBEIDUTY OF T LOW ESTIMATIONS

The reproducibility of the three variables measured trom the
simultaneous pulsatile impedance and striain gauge recordings was
investipated by calculiting the coefficient of variation (CVY

'V = (standard destation/mean), [0

The €V was caleulated (or cach vanable from the ten successive
beats analyzed. In addition. six babies had wn impedance record-
ings made at 30-see intervals, From these recordings, the OV was
calculdted for heart rate, 7o, mean 1oy, ) the mean pulse volume
valeulated using 2,

The reproducibility of blood Mow calculations made using the
strain gauge during venous occhision wis estimated trom: data
collected from a further six babies who each had 1 measurements
made al Mi-sec intervils,

COMPARISON OF IMPLANCL AND STRAIN GATIGE FTOW

FATEMATIONS

Tu determine which of the three methods of impedance pulse
analysix could best provide a reliable estimate of beat-to-beat Limb
Blood flow. linear regression analvsis was perfurmed between cach
ol the three estimates and flow caleulated from strain gauge
MVEMOLS UL‘CI[IHiﬂn Measurements, Linear rcgrc\\.\iun ill!ill}'.‘-iﬁ WS
also performed between the corresponding estimates ol simulta-
neously recorded pulsatile impedance and strain gauge signals, In
each case. when two flow estinutes were being compared. a test
wis performed o determine whether or nou the regression line
diftered statistically significantly from the line of identity.

SUBIECTS

All the babies studied were patients on the Special Care Baby
Unit at the John Radceliffe Hospital. Clinical details ol these
habies are given v Table [ There was no selection n terms of
maturity or size. and babies both with and without clinical prob-
lerma were studied. In no case was the infants routne disturbed.
and only bricl” handling was made as part of the measurement
provedure. Informed parental consent was ablained before cach
study,

RISLILTS

FLETATT a3 BT TROIM SEP VIR Ao

[n five habies. impedance recordings were made with four or
five different recording electrode positions on the leg, The ritio
AZ w7 was caleulated Tor cach vulue of electrode separation
(L (Figs Ty The results are shown in Figure 4. and it can be seen
that. with the exception ol one buby (@) who was restless through-
oul the study. the ratio i conatant,

PO

COMPARISON OF IMPLEANCT SNEY STR AN Gl

ESTIMATIONS

The resuls of the comparative impedance and strain gauge
caleulations collected in 33 babies are shown i Table 20 As a
peneral comment, the impedance technigue wis found wo be casier
to perform thaa the strain pauge weehnigque. Pulbsatile strain gaupe
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Table L. Clinical deiails of habies

Subject Sex GA' B. W g) Ape tdays)

| F ax 2061 14

2 I3 36 1630 7

i M 34 2iHH) ol

4 hY A [RILL 34

5 ™M a7 3R i

& M kL 290 2

7 M 4 210 4

A F il I L3 13

o I 3 LR AR

L W Is RN It hr
11 hY| kL 220 X hr
12 M RN AR 15

13 b 34 1340 ]

14 hY 32 1354} 4

15 M 3 1355 2

16 M 16 K35 2

17 hY Rl L4ins 5

3 F 35 1930 3

K] M 3 1234} 7
20 F 14 TRINE il
21 hY | Ay ot} |
22 M 27 1003} !
23 M 16 Wil 5
24 M 34 2324 X
25 I R IS 4
i M 13 182 3
g * 33 MUK N hr
24 13 33 L3644 i
29 M X 2364 K
3n M 3t 1240 3
31 I3 36 1421t 2
iz M 32 1264 2
13 I3 RIL 1350 19 hr

Wtip) Nursing Clineal comments
2150 [ Microcephalic
L6200 [ Well”
[ e Well
1730 Cia Well
2950 IMI TTHN. pocumwtharay, heiwdbox oxpen
28T IMI TTN, UAC in Rt u., leg Mlanched and catheter
withdrawn prior to study
2155 Ine Well
e Ine Twin. well
[RIVA] [ Twin, BPD following severe HMI
Inyg Mild HM D, headbox O
IMI Severe BAL imitable
2170 e Well
L350 I Well
L1700 IMI Severe HMBP, [PPY
1370 IMI Severe HMDL IV tits
JE40 IMI Severe HMD., bilaw pneumothorax, IPPV
L4200 Ine well
LRT0 Ine Well
[ 20Ny INI Severe HMIL, headbox (3
| %65 Inc Well
LEKD Inu mild HMI, headboy 432
IMI B A Severe HMD. thrombosis Lo lep. Ko leg
studied, + d.2
760 IN ] Severe HMID, PPV
2430 Inc Mild HMD, headbox {3,
LT T Well
L7440y Inv Well
[ny TEN. heudbuoy O3
434} Inu Well
21n0 Inu Well
[ 2R Inc Mild HMDD, headbox £,
LHnd Enw Well
L2540+ IMI Severe HMB, 1PPY
IMI Severe HMIL IPPY

"(rA, pestational age. completed wk: B Wi Binth weight: IML open incubator, using radiant heater: TTN, transient tachyvpnea of the newborn,
UAC, umbilical arterial catheter: Ine. closed incubator: RPN bronchoputmaonaey dvsplisa: HM DL hvaline membrane disease; BAL birth asphyia:
IPPY. receiving intermittent positive pressure ventilavon: IVH intraventncular hemaorrhage.

Can infant deseribed ax well s well atthe ume of study. but might have had earlier illnesa.

00012+
0- 0010
1
0-0008{ "/7'
o ’-----_"‘-4
L]
= 00006~ l-—-_______.__.__________——‘.-\_‘-
]
g
i~
<4 0-0004]
03002 —
0-0000 T T T | T 1
0 2 4 6 8 0 12

inter- glecimde  dislance . L

Fig. 4 The relationship between the ratio ol masimum pulsatile inped-

ance change o mean limb impedance and the interrecording, electrode
disiance, L emotTig. 1) studied in 5 separate babies.

recordings were nol made (rom subjects |ro 4 because amplifi-
cation ol the signal was not adequate at that time. The fuilure of
strain gauge occlusion measurements inosubject 7 was due w
clectrical problems. and all other Builures of strain gauge measure-
ments were due (o the difficulty of vbtaining satisfactory records
in dyspneic babies, Satusfactory pulsatile impedance recordings
were obtained from all babes, although in the case of subject 22
the left leg was studied initially, and no pulse was oblained. This
leg was dusky and climicatly pulseless following the insertion of
an umbilical arterial catheter which had been rapidly withdrawn,
Goud recordings were made tfrom the right leg of this baby, Al
post-murtem examination following death Trom severe hyvaline
membrane diseise on the second day ol life, it was Tound that the
lefi common iliae artery was completely oecluded by untemortem
thrombus. This wus the unly occasion on which no impedance
recording could be made. Good recordings were nuade Trom
subjects o and 1L despite the Gact that they had no pulses palpable
below the femoral arteries,

The impediunce and strain gauge pulses were found o be
strikingly dJifferent in form (see Figo 23 The impedance pulse
wuvetorm has o muore rapid rise than that obtained with the stram
gauge. [n most babies, especially the more dvspneic. a respiratory-
related component of both impedance and striain gauge signats
was present, but this was much more apparent in the stramm gauge
recordings.
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Table 2. Resules of comparative sirain gauge and electrical impedance measuremenis

Strain pauge pulses

F(SG... ) F(SGD)
(ml. 10 1 d8GAdle,,  (ml B0
Subject  ml 'min '} (heats/min) Ry ! ml/min)
1 134 125
2 [4.6 141
3 L1 1 X
4 17 167
5 b (R}
I3 R 123
7 126 [ NXE! 87
% 9.3 145 110050 126
B 14.2 16 1 NIKS 233
1 o 12y 1.IN156 10,3
11 |53 0.nlig 19.6
12 10.4 158 11.0074 12.4
13 9.7 140 (hHp2Y K1
14 107 |30
15 [[{XN] 14} .00 94
16 154 115
17 3.2 153 L7 12K
15 T 129
14 S 133 009y 4
20 07 L2y 1,007 3 w4
M RS 59 0.0032 TR
a3 h 154 006076 Y
23 51 153 [FRUSCN T8
24 L 141 (Arl44 20
25 3 133 1hpL3] 234
26 14.5 127 Ak 36 239
27 67 L5 0,000 36 ]
hE 6.6 145 EXTAAS [ |
Yy 123 (L1K44 [i14
kIl 3N 124 MiKI33 .2
3 Ay 123 DAY R
iz 141 [ (A RS R
13 Trrd 143 (LK |42

'S, blood fow calealated using venous occlusion plethysmography stean gauge, H. heart rate:

Impedance pulses

FiSGoon ITVARH bt
iml. 1K) Za A2/ dtns d7/d ., tml 1M} tml. 10
il ming {ohnm)  (vhms ") (Ls " ml/miny ml/min)
142 4.34 0.0306 10.9 1008
13y 4. by 1.0)335 1L 16.3
249 158 00277 137 14,8
132 209 0.0204 133 1.5
03 (65 (o3 G0} 57
78 110 gl f.5 4.3
16 N A s 4.4 LRG
7.0 137 3.43 (L0250 158 143
11.5 1006 253 [AO234 20 14.6
6.7 ud 077 [iNI%2 14 Al
167 L 27N 0316 1.4 173
71 =y RAT (0336 4.l | 7.4
4.4 126 254 00228 13.5 4.7
125 |67 (34 14.6 i)
5.3 hE 1.17 (b0} 39 A K 6
63 .54 0.0244 6.2 14.1
135 g 30K (32K 217 Ir3
T4 (1A% 005 Ky 6.2
sU (Y] 263 (113239 K9 9.4
T 7 188 X RNT:S 4.5 9.5
4.0} 113 258 {11224 14.7 15.0
[(hi} 136 | K& (b 3N fr9 9.7
5 [ 324 (10205 4.4 16,6
1.3 9i XA3 111266 129 11.4
157 g 382 0367 245 233
17.6 |13 33 U321 kR1] 12.4
RN 0 .73 104 30 54
[EEAM [ir? R (0267 12.1 155
47 2 354 (10316 1.2 14.2
49 uy | .67 (L6 9.5 IR
25 17 1.15 (O 38 4.8
213 bt 237 302eY 12.3 151
TY 42 1.59 (L0379 1000} 74

dSGAd .

R variagble caleulated from the

upslape of the pulse recorded usiog the straio gauge: FESGD) and FSGe blood flow cadeslated from the end of the pulse eyele und the maximum
nulse height recorded using the straim gauge (see ext), Zo, mean baseline electneal impedance: d7./dte... maximum change of impedance seen Juning

- dZ/dt,..
the inflow phase of the pulse evele (Fig: 2 f

- maximum impedance chaoge inowerms of mean impedance: FEZ2D) and FiZ,0. blood ow

caleulated from the end of the pulse eycle and the maximum impedance pulse height.

The reproduaibility of the various estimales ot flow is shown

in Table Y It can be seen that the beat-to-beat reproducibility off

simuitancous measurements from the upslopes and irom the max-
imunm pulse hetghts was greater from the impedance recordings
than from strain gauge recordings, The reproduability of the
impedance estimations in subjects 560 140 160 and I8 (Table 1)

wan less poed than in the other babies because of the presence of’

respiratory related components: s emphasized. however. that
the strain gavge recordings [rom these babies were 50 much more
distorted as 1o be rendered useless for analysis. The reproducibiliy
at flow estimations from the slopes at the end of the pulse cyvele
[IFZ0 ) and FISGD)] was poor lor both methods.

The mean OV lor 1) repeated measurements in six diflerent
subjects wis greater lor the strun gauge than lor upedance
measurements. Unlortunately, only one haby appears in both

groups of spc in that subject. who was clinteally welll the €V ol

sucvessive a0 estimations was TR and that of FisC, )
estimations was 1797 Comparing the two groups ol six babies.
two ol the impedance group and three in the strain gauge group
WeTe Teceiving intermittant positive pressure sentilation. the re-

maining three babics in the latter group being pertectly well, while
two of the remaining lour in the impedance group were severely
tachypneic,

The results of linear regression analyses are shown in Table
4, It ¢an be seen that each ol the three estimates of Tow trom the
pulsatile impedance signals correlates statistically significantly
with the Mow estmations made by strain gauge venous veclusion.
The best vorrelation {# = 0,763 was between TiZ o and F(SCLL 0

Because the wim of the comparisons was (o assess how well
estimations based on impedance pulse analysis might correlate
with tlow measurenients nde by stran gauge venous veclusion
plethvsmography, the latter was initially considered as the inde-
pendent variable. x.in the regression analysis. For such analysis,
the regression lines between FiZ,,.,) and F(§G.. ) and between
FiZ) and F(SC,, ) were [ound 1o be statistically signiticantly
dilterent from the line ofidenuty (# < 0,001, However. because
the reproducibility of the variable F(Z,,..) was significantly better
than that of F(SG.., 0. it is valid to consider the impedance
estimates of Tow as the independent variables. When the analysis
win performed in this way, the regression line between F(8G. )
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Table 3. Reproducibility of observations

Pulsaule data. M) suceessive beals simultaneously recorded (an — 24)

Strain gauge Impedance
dRAdy, 47 .,
R F{SG DY FISGL RV F(Z )

L'\‘.’rr_

Mean 2o EL N 17.3 gl Rl h TH

Rungpe (6.3 49.8) 3 712 159 451 43-1649 {13 U3y {21 by

Nool subjects | o [ 8 24 5

wilth OV =Ly,
{13,103
[0 impedance recordings at d0-see intervals (o = 61}
Iid, Iulse volume 7 I

[

Muan Yy 91 1.2 31

Range el 133 {37 14040 (IR 5 4.5

10 measurements of FiSGL b at Hisec intervals (# = 6)

(.\'Ir’

Muean 161

Range (8.7-27.60

CdlAd d7d,,.. . . . ) . . . .. e

and — =varithles measured trom the upslope of strain gauge and impedance pulsatile recordings (see Fig. 2 and text): F(8¢G1),

R

Fa

FiSChu ) FISGDYL and FOSGn )z blood flow caleulations from the end of the pulse cyele and maximum pulse heights itom strain gauge and impedance
recordings tsee Fig. 3 and wxt): OV, coeflicient of variation (see texty, F(8¢G.., ). blood low calculated using the strain pauge during venous oeclusion;

H. heart rate.

Table 4
Vuriables Slape ol regression line
Staustical signifi-  compared with line of
X 4 i Repression eyquation r canee of r <0y wdentity ()
Bys<in ) vompared wath _[I'(.‘-'.("-...j IRV AN ki 5 KN BRI TR LT AMIL ~ LiNE]
varables itom pulsatile ll-{Z...,.\; Fosdi,, ) I —RAF 4+ 103 (1.7 (AN T
traves
RisG g 1-71) HE oy = A5+ 1A 064 (0 AL
FISG.., '
FisGi ) dZdl, M v =002+ DUHH 63 (LU
Lz
dZ:du,. FisGl Wy — LN+ 6Ty 116 Linl
2.
LG, FisGe Iy =355 .62 URTH AT
E18€i, FeSGIY) Moy =TT R0 030 008 NS,
FisG, JRdL, . 21 v — L0+ DIHNR 043 NS,
53
Comparson of simulta- [U8G, L0 RV M=+ Iy .50 i =001
neous pulsatile traves TRV [ SN 2w = 2AE4 032N 050 Ak EUINEAN
FiSGIL) IAVATS M s — A+ 3y (46 (s <AL K
dR:dy, . diadt,, M v =250+ Al 077 04
dZ:d,,,. JRY L 23y = 0ANNRT + 03Ty 177 i
/. R
, ) . - . . . . d77d, .
o lineur correlation coefficient. # = probability: FoSG L 1 blood Tow caleulated using the strain gaoge during venous ogelusion: o and

dRAdt, . . . .
R Cvariahles measured (tont the upslope strain gauge wnd impedance pulsatile recordings (see Fig Tand texty, HSGD FISGL FSGLY. and

FESGe . blowd flow calealations from the end of the pulse eycle and maximum pulse heights (rom strain gauge and impedance recordings (see Fig, 3
and text),
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and Fi(Z,..) was not statistically signiticantly ditferent from the
ling of identity (P < 0L98). and the inlercept ol the line is very
close to zere (Fig. 5,

The correlation coelficient between T8¢, 1 and the varn-
ables FiSG,,,.. 0 and F8Gh) reached statistical significanve (P <
001 and < 005 respectively). but these coefticients were lower
than those obtained with the variables from the impedance pulse,
Furthermore, the regression lines differed statistically significanily
trom the line of identity. The relationship between the value
(AR /dLan)

R

The linear correlations between the simultaneously recorded
impedance and stratn gauge pulses reached statistical significance.
but, with the exception of the upsiope corrclation. ie,
(dR/dtny . (4474w, . .

R with 7 : the coelticients were comparatively
low. and the regression lines dillered significantly from the lines
ol identity,

. and F(SC,.) did not reach statistical significance,

DISCUSSION

The results show that of the methods of analvsis performed the
estimation of limb blood flow using the maximum pulsatile imped-
ance chanpe, I{Za. b pave the best correlation with strain gauge
venols ocelusion gstimations, F(SG,., 1 oand that it was the most
reproducible beat-to-hbeat estimation, This s in accordance with
experience in adults, and animals where the maximum height of
the impedanee pulse, A7, has been used {or the estimation ol
blood low. where it has been fvund to correlate well with simul-
tancous megsurements using electromagnetic flowmeters (20).

Estimation of tlow bused on the downslope of the impedance
pulse at the end of the pulse cvele is based upon the assumption
that venous flow is nonpulsatile and that there is no forward (low
in the artery at the end of the pulse cvele (4). We have contirmed
that venous flow is indeed nonpulsatile in the newborn infant with
the use of a Doppler ultrasound probe positoned over the femoril
vein. In addition. it has been found that while there is generally
ne forward flow in the femoral or popliteal arteries at the end of
the pulse cyele there may in fact be reverse Now which could
invalidate the caleulation. Neither is it possible to sty that these
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findings in the preat vessels may be extrapolited to predict what
might vceur in the smaller vessels. The basis for this form of
extimation therefore appears o be unreliable. although it does
represent an attempt ta overcome the difficulties of cortecting for
venous and arterial runolt which is necessary for the accurale
analysis of pulsatile recordings,

The third method of pulse analysis. based un a measurement of
the maximum rate of change of impedance at the beginning of the
pulse cvele. dZ./dt, ... was considered in this study beciuse al the
sucvess of a similar analysis in estimating stroke volume (1 1) dZ2/
Aty was expressed as o fraction of 7 so that 1t should be directly
comparable with the corresponding slope ol the strain gauge pulse,
(AR /d,. /R Tt was also necessury to express the results in this
way to areive al the correct dimensions for the flow estimation.

Other methods of pulse analvsis have been described using
extrapolation of the slopes (2) and integration ol the pulse tform
{15, 163 The basis for these forms of analvsis appears not to have
been justified theoretically, and when results obtained in the
present study were analvzed using these methods. no improvement
in heat-to-beat repraducibility or correlauon between pulsatile
and venous occlusion flow estimations wis gained,

Some of the values valeulated for limb flow in this study using
both the impedance and strain gauge techniyues are higher than
previvusly reported values from the newbarn except in experi-
mentally induced reactive hyperaemia (5, LR) oran a very warm
environnient (4). This is likely 1o be due to the varety of circuni-
stances under which babies were studied some ot which would
lead 10 increased peripheral blood low, such as the presence of
patent ductus arteriosus, the use of phototherapy. and nursing
under radiant heaters.

Although the results of this study indicate that at least one
technique of impedance pulse analysis can provide limb blood
low estimations which correlate with the estabhished method of
strain gauge venous occlusion plethvsmography. they also lead
ane o raise objections o the use of the strain gauge method as a
standard. However. for measurements in the newborn, no better
adternative standard technique extsts. The maujor problems en-
countered tn this study with the strain gauge method were von-
cerned both with the practival apphication ol the gange and with
the reproducibility of the measuremients made. Although the very
fine silicone rubber tubing used for the gauges was found o be
robust. there was a constant need o reposition the gaupe on the
leg because there was o tendeney [or it to roll up or dewn the call’
ax the baby moved. This would make fong-term use of the method
sitisfuctory. Movement-induced arteliact was found to be a prob-
lem with the strain gauge method both when making pulsitile
recordings and during atlempts to make vepous ovelusion esti-
mations. Despite the fact that satisfactory Incings were e entually
abtained with the strain gavge trom 30 of the 33 bables, suceess
wits often nol achieved at the first attempt because of movement
related arteticts oecurring bath betore and during the acelusion
which made reliable measurement of the veclusion slope difficult
and sometintes impossible. For this reason. pulse and venous
acclusion estimations in the same baby were alten separated in
time by as much as 10 min. Previous reports ol studies using the
mercury-in-rubber strain gaupe method in the newborn hase not
L'II1|\]1&I.\i/.L‘d this plnlv]grnl wloch wis }‘um.\.ihl_\.' gecentiated i this
work beciause of the heterogencans nature of the group of babies
stitdied. several of whom were very il at the time of study,

In constrast e the problems associated with the sirain gangpe
methad, the electrical impedance recordings were comparatively
vasy Lo obtin: in only one infant. in whom the commen iliae
artery was shown to be completely occluded. was it impuossible o
analyse the electrical impedanee pulses, The automate balancing
device of the impedance instrument was used during all record-
s, but the signal was sostable that it was not needed during the
compiratively shor periods of time when recordings were heing
nade, However, the auto-balance factlity was usetud for eliminat-
ing lurge vartations in the baseline which occurred between
recordings when collecting intermittent data as was the case when
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estimaling the reproducibility of the technique. Furthermore, the
auto-balance teature would be essential tor long-term data coliec-
tion.

The caleulations of reproduaibility of the various estimations
tTable 3) must include physivlogical beat-lo-beat variation. [n
particular, respiration can be expected o produce beat-to-beat
vanation of pulse volume, probably of the order of 107, This
level of reproducibility was only achieved for dZ./dt,,,.,)- /7. and
F{Z.ux ). The particularly poor reproducibility of F{SGi) and
F{Zn) is because these estimations are derived from the slope of
a comparatively low-frequency portion of the pulsatile sipnal
which 1» more susceptible (0 base line variations. For this reason,
it is considered that the estimation of flow Irom the end ot the
downslope is not suitable as a method for long-term beat-to-beat
flow assessment. The poorer reproducibility of the strain gauge
estimations compared with impedance estimations fully justifies
considering the electrical impedance estimations as the indepen-
dent variable in the regression analvsis,

There are tundamental reasons why one might expect to obtain
difterent resulis with the electrical timpedance and strain gauge
techniques. The latter responds solely to mechanical phenomena,
whereas the impedance method will be influenced by both me-
chanical and electrical phenomena. The difference in the torm of
the pulses obtained with the two technigues has already been
mentioned. The rapid upslope of the impedance pulse s probably
due to the fact that as soon ds blood enters the large arteries in the
limb segment an clectrical impedance change will be seen. but its
arrival will not be detected immediately by the strain gauge until
the blood has been distributed through the tissues and produced
a change in limb circumference. T'urthermore, a change in the
electrical impedance of the limb can be observed simply due 10 a
change in the alignment of red blood cells (173 and in the
redistribution of a fixed volume ot blood from large arteries
capallaries. Although both methods should be capable of providing
the same information, this will only be achieved if the methoeds of
analysis 1ake account of these fundamental differences.

The equation vsed as the basis tor the impedance calculations
{equanion 2) has been vsed by various authors (8. 10, 13, but its
denvation deserves comment. The electrical resistivity of blood is
eliminated (rom the equation by making the substitution p =
Z..A/1 However, the relationship used o make this sabstitunen
is 10 lact an expression for the mean resistivity of the tissue
segment, p.. Thus, the derivation of the equation assumes that
blood resistivily, pr. is the same as p.. Blood resistivity varies with
temperature, blood motion, and haematoerit, Measurements made
at 37°C on fresh samples of whole bloed trom newborn infants
have shown an exponential relationship between g, and haema-
tocrit: o = 67,919 exp (0.02433Hct) (13),

AL g haematocrit of 407, the resistivity is 180 ohm em and at
557 s 259 ohm em. Kubicek ¢r gl {10) have measured p, in ¥
adult subjects and tound a mean value of 211 ohm cm. 12 ol the
babies 1n the present study had careful messurements made of the
mean interelectrode distanve (L em) and the mean call circumter-
ence, O cm, and p,, calculated from the relationship o = " 2,./4,
was found W have a mean value of 200 ohm cm (range, 173 (o
246). Thus. some error must be introduced by the assumption that
pro = pr. However. 1t is felt that this error 15 no farger than tha
which would be introduced by attempting to make measurements
of haematoocrit. interelectrode distance. and leg circumlerence
because the latter two measurements are associated with a signiti-
cant error in the small leg of o preterm infant.

The measurement of AZ,,.. and the subseyuent caleulation off

F(Z,..) could be automated and thus provide continuous beat-to-
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beat blood flow estimations. Although the accuraey of these
estimations in absolute terms 15 likely o be only moderate, the
reproducibility s good. and the technique simple and sale to
apply. We feel that at present there 15 no beuer technigue for
making noninvasive estimations ol peripheral blood flow in the
newborn, and we believe that this method could provide valuable
information from acutely 1l babies,
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