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Starr and his associates (1) have demonstrated
several characteristics of the ballistocardiographic
method of cardiac output determination which rec-
ommend it for clinical use. The technique is
simple, the apparatus is highly sensitive to small
variations in stroke volume, the results in the
same individual are consistent, and the limits of
normality are well defined. The usefulness of
the method for investigative work, however, de-
pends in addition upon its degree of accuracy.

Preliminary information as to the accuracy of
the method has been provided by Starr et al. by
comparing results calculated from the ballistocar-
diogram with those obtained by other methods of
cardiac output determination. Almost simultane-
ous cardiac output determinations by both the
ethyl iodide method and the ballistocardiograph
were performed on 30 subjects (2). Of these,
the 25 best cases showed values of cardiac output
averaging 3.9 per cent smaller by the ballisto-
cardiograph than by the ethyl iodide method.

A larger discrepancy was found between a
group of 106 normal subjects studied by the bal-
listocardiograph (1) and two other groups of
normal subjects studied by the ethyl iodide (3)
and acetylene methods (4). Values for cardiac
output by the ballistocardiograph averaged 14.4
per cent smaller than by the ethyl iodide method
and 13.6 per cent smaller than by the acetylene
method. It must be noted in addition that stand-
ard basal conditions were not obtained in the
group studied with the ballistocardiograph. If
more rigid basal conditions had prevailed as in
the two series studied by the foreign gas methods,
it is fair to assume that the figures for cardiac
output by the ballistocardiograph would have been
somewhat lower, thus increasing the discrepancy.
The comparisons presented to date do not satis-

‘1 Under ;; gran_tb from the Commonwealth: Fund.
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factorily evaluate the accuracy of the ballistocar-
diographic method and suggest the need for
further data.

The present study is a comparison of cardiac
output determined by a method based on the Fick
principle and by the ballistocardiograph.

METHOD

The technique of cardiac output determination based on
the Fick principle involved collection of mixed venous
blood, arterial blood, and expired air. Mixed venous
blood was withdrawn from the right auricle by means of
a catheter. The method of catheterization has been de-
scribed by two of the present authors (5). It was modi-
fied in individuals whose arm veins were not large enough
to permit the introduction of a 10 gauge needle. In these
cases the vein was exposed and the catheter introduced
directly through a small slit in the vein. In order to
insure that the gas concentration of the mixed venous
blood remained unaltered, the samples were collected over
mercury instead of under oil. The mercury sampling
tube was previously prepared by introducing the anti-
coagulant, potassium oxalate and sodium fluoride, and
allowing it to dry. Any gas trapped in the tube was re-
moved by evacuating and expelling. Thus prepared, the
tube was attached to the catheter. After interrupting the
previous flow of saline, 3 cc. of blood were withdrawn
through a side arm to wash out the saline, and 10 to 15
cc. of blood then drawn into the sampling tube by slight
suction created by lowering the levelling bulb. This pro-
cedure required about 20 to 30 seconds. The blood was
immediately mixed with the anticoagulant by inverting the
sampling tube several times. Pipettes were filled directly
for analysis, and any remaining blood was kept on ice
under a slight positive pressure. A sample of arterial
blood was taken under oil from the femoral artery,
starting 15 seconds after the sampling of the mixed venous
blood had begun. The expired air was collected in a
Tissot spirometer, beginning 30 seconds before the mixed
venous blood sampling and continuing for 13 minutes.
The expired air and blood samples were analyzed in
duplicate for carbon dioxide and oxygen content.

The technique of obtaining mixed venous blood through
a catheter in the right auricle made possible two deter-
minations of cardiac output from each set of samples.
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The two \;alues obtained from

Total CO, output in cc. per minute

CO, arteriovenous difference, cc. per liter of blood

and from

Total O, intake, in cc. per minute

O, arteriovenous difference, cc. per liter of blood

acted as independent checks upon each other.

Ballistocardiographic tracings were taken immediately
before and immediately after each direct Fick determina-
tion2 Estimates of cardiac output from ballistocardio-
grams were made by two independent persons. Com-
plexes covering at least one respiratory cycle were chosen.
If the influence of respiration upon the tracing varied,
complexes covering several cycles were calculated. The
wave area formula was used (Formula 16 in Starr’s
original paper (2)). Triangles were constructed by ex-
tending the sides of waves I and J and the areas under
the waves were gpproximated by calculating the areas
of the triangles. The altitude was measured with a di-
vider to the half millimeter. The base of the triangle
was measured from the timer lines on the tracing, the
reading being accurate to within 0.04 seconds and esti-
mated to within 0.02 seconds. At the end of each ex-
periment the bed was calibrated and the formula corrected
accordingly.

RESULTS

Thirty-one attempts in 19 different subjects
were made to introduce the catheter into the right
auricle. Twenty-four attempts in 18 subjects were
successful. Forty-eight direct Fick determinations
were attempted in these 18 subjects. Twenty-
one determinations in 13 subjects were satisfac-
tory. In 5 of these 21 instances, the ballistocar-
diograms were discarded, either because the dif-
ference in pulse rate between determinations was
too large (more than 3 beats), or because of
technical error in taking the tracing. Thus in 16
instances, involving 12 patients, both direct Fick
determinations and the ballistocardiograms were
technically satisfactory.

All data from which cardiac output determina-
tions by the direct Fick method were calculated
are tabulated in Table I. The subjects were not
under standard basal metabolic conditions, and
several of them were not normal. The values for
cardiac output can therefore only be used for
comparison with those obtained by another method

2 The ballistocardiograph used was designed by Drs.
Dugold E. S. Brown and Homer A. Smith on the same
principle as Dr. Starr’s apparatus (see appendix).
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employed almost simultaneously and under iden-
tical circumstances. It is of interest, however,
that, after excluding subjects who had received
angiotonin or had been subjected to a prolonged
surgical operation, the average oxygen arterio-
venous difference per 100 cc. of blood was 4.8 cc.,
with extremes of 4.0 cc. and 6.0 cc. This is
somewhat lower than average figures obtained
with the foreign gas methods in normal subjects
under standard basal conditions but is well within
the range of variation.

The direct Fick method as used here provides
a check within itself. The respiratory quotient
derived in the usual way by analysis of expired
air can be checked against a respiratory quotient
derived from blood gas analysis by the ratio

CO, arteriovenous difference (volume per cent)

O, arteriovenous difference (volume per cent)

These values are shown in Columns 4 and 11.
In only 4 determinations is the difference 0.04 or
greater, being 0.04 in 2 cases, 0.06 in 1 case, and
0.07 in another.

The two figures for cardiac output, one de-
rived from the carbon dioxide data, the other
from the oxygen data, are listed in Columns 12
and 13. In only 2 instances was the difference
greater than 0.24 liters per minute, being 0.35
and 043 liters per minute in these cases. On an
average, each determination differed by only 4.3
per cent from the mean value of the pair.

In Table II are tabulated data comparing stroke
volumes determined by the direct Fick method and
calculated from the ballistocardiographic tracings.
The figures for the direct Fick determinations
were calculated by averaging the values for car-
diac output per minute calculated separately from
the carbon dioxide and the oxygen data, and
dividing by pulse rate; the figures for the ballisto-
cardiographic determinations were obtained by
averaging the results before and after the direct
Fick. The ballistocardiograms of the first 2 cases,
while apparently technically correct, showed com-
plexes which were small and which in 1 case were
irregular. Since the error in calculating cardiac
output from these tracings may have been large,
the cases have not been included in the final com-
parison of the two methods. In the remaining 14
experiments, the stroke volume by direct Fick
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TABLE I

Data obtained in 21 determinations of cardiac output by the direct Fick method
1 2 3 4 s |6 |78 |9 |10]11]12]13
Lung gas exchange Blood gas exchange %:{g{laf

COs con- O3 con-
Subject tent . tent s | 48] 3
Date 3§ Sl a | 82| 48
3| 3| e NEHEHE
BE | g5 | § | gg ;| E8|SE -FSE
HIEE S I E S ENRIELIEL
YRR S RS R E I
S| o5 | 88 |s3yfeiy 03 |<Iyiycd| 85| 83| &3

.B. October 31, 1940( 221 | 272 | 0.813| 53.9( 47.2| 6.7 | 12.4] 4.1] 8.3 | 0.81/ 3.30| 3.28
Essential hypertension, cardiac

failure

.T. November 27, 1940| 193.5| 282 | 0.687| 50.7| 47.0| 3.7 | 12.1| 6.8| 5.3 | 0.70] 5.23| 5.32
Carcinoma of liver
F.L. December 31, 1940| 192 | 225 | 0.854 54.7| 51.2| 3.5 | 14.0| 10.0| 4.0 | 0.88 5.49| 5.63
Carcinoma of cardia -

N.H. y February 18, 1941|183 | 235 | 0.778| 55.0( 50.1{ 4.9  19.1| 13.1| 6.0 | 0.82| 3.74| 3.92
orma

K. February 20, 1941 252 | 273 | 0.922| 61.5{ 57.2| 4.3 | 17.8 13.3| 4.5 | 0.95| 5.86 6.07
Normal February 27, 1941|246 | 262 | 0.942| 57.4| 53.6| 3.8 | 16.4| 12.4| 4.0 | 0.95| 6.48| 6.55

Same* 243 [ 277 |0.878] 58.4| 53.1| 4.5| 15.7] 10.4| 5.3 | 0.85| 5.40| 5.23
\IG/.O'BI{. March 4, 1941| 221 | 263 | 0.842] 52.8 48.8| 4.0 | 17.9| 13.0} 4.9 | 0.82] 5.53| 5.33
orma.

K. March 12, 1941] 223 | 248 | 0.899| 50.5| 45.7| 4.8 15.7] 10.5| 5.2 | 0.92| 4.65] 4.78
Carcinoma of bronchus Same 221 | 251 |0.881] 50.5| 45.7| 4.8 | 15.7] 10.4| 5.3 | 0.91] 4.61| 4.74
II:II.W. | March 25, 1941| 223 | 240 | 0.929| 54.1| 50.1| 4.0 | 16.3| 11.8| 4.5 0.89| 5.58| 5.34

orma
W.0’Bo. April 2,1941| 243 | 296 | 0.821| 52.6| 48.0| 4.6 | 17.2| 11.7| 5.5 | 0.84] 5.29| 5.37
Normal Same 208 | 259 |0.802| 51.5|47.2|4.3|17.2| 11,9/ 5.3 0.81] 4.84| 4.89
M.M. May 8, 1941] 139.5| 195.5| 0.794| 53.2| 49.8| 3.4 | 14.6| 10.4| 4.2 | 0.81} 4.10| 4.17
Chronic pulmonary tuberculosis | Same§ 142.5| 190.5| 0.747| 51.2| 47.0| 4.2 | 13.7| 8.5/ 5.2| 0.81] 3.40} 3.75

.L. May 16, 1941] 244 | 311 | 0.786| 54.9{ 51.3| 3.6 | 17.7] 13.0{ 4.7 | 0.77] 6.76| 6.69

ormal Samet 240 | 314 | 0.765| 54.2| 50.4| 3.8 | 16.8] 12.0{ 4.8 | 0.79{ 6.31} 6.54

.B. June 4,1941( 199 | 242 | 0.822| 51.3{ 47.6| 3.7 | 19.0} 14.3| 4.7 | 0.79] 5.38| 5.27

ormal Same 216 | 262 |0.824] 51.4| 46.7} 4.7 | 19.9] 14.3| 5.6 | 0.84| 4.60| 4.68

.D. June 18, 1941| 181 | 234 | 0.774| 49.9| 46.2} 3.7 | 18.4| 14.0| 4.4 | 0.84| 4.89| 5.32
Chronic pulmonary tuberculosis | Same$ 211 | 265 | 0.796| 45.6| 41.7( 3.9 | 16.9] 12.1} 4.8 | 0.81] 5.41/ 5.52

* Four minutes after injection of angiotonin,
t Thirty seconds after injection of angiotonin.

averaged 18.5 per cent larger than by ballisto-
cardiograph, with extremes of - 10.6 per cent
and + 33.5 per cent. This difference between
measurements by the two methods is significant
for P=0.05.

On subjects F. K. and J. B., cardiac output
determinations were made before and after the
injection of 1 cc. of angiotonin. The percentage
difference between the values for stroke volume
obtained simultaneously by the two methods re-
mained remarkably constant whether or not there
were changes in the absolute values of stroke vol-
ume due to the action of the drug.

The results of the 16 almost simultaneous pairs
of cardiac output determinations have been plotted
in Figure 1. The values corresponding to the

1 Three minutes after injection of angiotonin,
§ At the end of prolonged surgical operation.

first 2 subjects in Table II are identified by the
open circles. The other 14 points are all above
the line of identity. Their distribution is indica-
tive of a very high correlation and a systematic
deviation. It can furthermore be inferred that
both methods are consistent within themselves.
Because of the smallness of the sample, the draw-
ing of a regression line and the calculation of its
equation are not justified.

DISCUSSION

The attempt to compare almost simultaneous
cardiac output determinations by the direct Fick
method and by the ballistocardiograph resulted in
a high proportion of failures for a variety of
reasons. Among the successful cases in whom a
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TABLE 11
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Stxteen simultaneous determinations of siroke volume by the 8

direct Fick method and by the ballistocardiograph

in 12 subjects
Stroke
volume Difference
Sul -
bject Puhe o ick) eardlocraph
]
& 248
. cc. cc. cc. :
GB........... 93 354386 —3.2 |Complexes
1 s
LK........... 108 |43.5/59.6f —16.1 |Small com-
. plexes
PT........... 112 [ 47.2141.0] 46.2 Good
FLoo......... 81.2] 73.1 +8.1 Good
PH........... 56 |68.4|61.6] +6.8 Good
FK........... 61 [97.8) 84.8 +13.0 Good
74} 88.1| 73.5| +14.6 Good
68§ |78.1/ 64.8 +13.3 Good
W.O'Br........ 80 68.0{ 571 +109 | Good
.......... 75 |72.8/634 494 Good
W.0'Bo....... 64 |83.1]73.1f +10.0 Good
65 |[75.0167.8] +417.2 Good
) 96 |69.7152.2] +17.5 Good
B....ooo.ol 65% | 81.1/62.2] +18.9 Good
58§ |80.7/ 64.0 +16.7 Good
JDeoooiool. 84 |[60.8/49.0f +11.8 Goaod
Average....... 77.6 | 70.7) 61.6 +9.1
Average of 14
with good bal-
listocardiograph
records........ 73.375.1) 63.4] +11.7

* Stroke volume obtained by averaging figures in two
last columns of Table I and dividing by mean pulse rate.
} Stroke volume obtained by averaging figures of 2
ballistocardiograms taken immediately before and im-
mediately after the direct Fick determination.
Before the injection and §after the injection of
angiotonin.

comparison seemed justified, there was a syste-
matic deviation in the results. The following
analysis of some of the technical and theoretical
considerations involved in the two methods may
help to explain these findings.

The direct Fick determination required first the
placing of the catheter in the right auricle. In
24, or 77 per cent, of 31 attempts this procedure
was successful. Failures resulted from inability
to introduce the catheter into the basilic vein,
from obstruction to its course as it was threaded
dlong, or from inability to make it follow the
desired venous channels. The apparent harmless-
ness of the procedure was confirmed, occasional
thrombosis of the basilic vein being the only
untoward redction. 'In ‘more than. 50 attempts

DIRECT FICK STROKE

™

VOLUME

w

0 20 30 40 S0 60 70 80 90 100

BCG. STROKE VOLUME, CC.

F16. 1. SIXTEEN INDIVIDUAL MEASUREMENTS OF STROKE
VoruME OptAINED BY THE DIrect Fick MeTHOD PLoTTED
AGAINST THE SAME MEASUREMENTS CALCULATED FROM
SIMULTANEOUS BALLISTOCARDIOGRAPHS

Open circles represent measurements in 2 subjects with
rapid pulse, small and/or irregular ballistic complexes.
Straight line is line of identity (see text).

including both those here reported and.others to
be reported elsewhere, the only physiological re-
sponses were a small rise in ventilation and a
small degree of sinus bradycardia. Studies now
in progress on surgical shock have shown that
with the continuous flow of saline maintained at
a rate of about 15 drops per minute, the catheter
can be kept in position for as long as 3 hours with
no inconvenience to the patient.

In the Fick determinations the chief difficulty
arose in obtaining simultaneously, and analyzing
in duplicate, samples of mixed venous blood, ar-
terial blood, and expired air. In 21, or 44 per
cent, of 48 attempts the determinations were sat-
isfactory. The collection of expired air presented
no special difficulties. The samplirig of arterial
blood, following infiltration of the femoral artery
with novocaine, was in most cases technically easy
and apparently painless. Stimuli arising from the
arterial puncture may on occasion have caused
momentary increase in the cardiac output, but it
is doubtful if this occurred in the selected group
of cases in which the pulse rate varied by no
more than 3 beats. The' sampling of venous
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blood from the right auricle was somewhat com-
plicated by the necessity for washing the catheter
free of saline and for taking the strictest precau-
tions against contamination with air. There is
also the possibility that samples taken from the
right auricle may not always have been represen-
tative of thoroughly mixed venous blood. While
this possibility has yet to be thoroughly investi-
gated, it is doubtful that it was a source of error
in the selected group in which the respiratory
quotient obtained from the arteriovenous differ-
ences checked reasonably well with the respiratory
quotient obtained from analysis of expired air.
Certainly the high proportion of failures in per-
forming the direct Fick determination was due
mainly to technical difficulties, since error at any
point in manipulating the large number of sam-
ples required that the entire experiment be dis-
carded. _

The determination of cardiac output by the
direct Fick method, although difficult, is based on
fundamental physiological principles and has
checks within itself. The degree of accuracy is
therefore thought to be high. Any discrepancy
between the results obtained by this method and
by the ballistocardiograph may be assumed to be
due to error in the latter.

291

The ballistocardiograms were satisfactory in
16, or 76 per cent, of the 21 cases in which the
Fick determinations were satisfactory. The tak-
ing of these tracings was an extremely simple
matter provided the optical recording and timing
devices functioned properly. The patient was re-
quired simply to remain absolutely quiet with his
feet firmly against the foot board. Only tracings
which were normal in shape were used, since we
were interested exclusively in the normal ballisto-
cardiogram. In the comparison of methods sev-
eral ballistocardiograms taken before and after
the direct Fick were not acceptable because the
pulse rate varied by more than 3 beats.

Consideration of all possible sources of error
related to the ballistocardiograph would require an
evaluation of the fundamental assumptions upon
which Starr’s formulae were based. Assuming,
however, for lack of better knowledge, that every
other entry from which the formulae were de-
rived is correct, there remains one factor which is
open to doubt,—namely, the estimation of the
internal cross-section of the aorta. The standard
tables, relating aortic cross-section to age and
body surface, were compiled by Bazett from data
collected by Suter on autopsy material (6). The
magnitude of the error introduced by applying

4.00
COEFFICENT QF CORRELATION
iy = 0592 SE. Q12
3601  REGRESSION FORMULA .

X = 146Y+ 093+ SE 104
320

280
F=240f
W

gzoo

1.601

240 280 320 360

480 . 520

400 440
DIODRAST

560 600 640 680 7220 760 800

F16. 2. INTERNAL CROSS-SECTION AREA OF AORTA IN sQ. cM. IN 31 NorMAL SuBJECTS

Estimates of this measurement obtained from Bazett’s table are compared with measurements calculated from
the smallest diameter of the aorta mear the aortic ring after diodrast visualization.
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these figures to living subjects is not known, but
it can readily be shown that any considerable error
in the estimate of aortic cross-section will sig-
nificantly affect the calculated cardiac output.
For example, a 50 per cent error in aortic cross-
section (let us say, 3 sq. cm. instead of 2 sq. cm.)
will result in a 22 per cent error in stroke volume
as calculated by Starr’s wave area formula. The
error in stroke volume varies with the error in

aortic cross-section according to the approximate
ds

formula <= %, where § = stroke volume and
A = aortic cross-section.

To test the accuracy of Bazett’s figures, the in-
ternal diameter of the ascending aorta at its nar-
rowest point was measured directly in 31 normal
subjects after visualization of the aorta with dio-
drast.®

The correlation found by Bazett between age,
body surface, and aortic cross-section was con-
firmed, but a more rapid increase in aortic cross-
section with increasing body surface was found in
each age group. Because of this the diodrast
measurements are in general considerably higher
than the estimates from Bazett’s tables. The
values obtained by direct visualization are plotted
against estimates obtained from Bazett’s data in
Figure 3. The correlation coefficient r y=0.53,
S.E. = 0.12 is significant, for P =1ess than 0.01.
To apply a correction factor to Bazett’s figures by
using the calculated regression formula is unjus-
- tified because of the small size of the sample, the
lack of information regarding variations in the
size of the aorta on successive diodrast visualiza-
tions, and the large error involved in the use of
this formula as shown by the standard error.

Since a correction factor could not be applied,
the diameter of the aorta was measured by dio-
drast visualization in 5 of the subjects in whom
the cardiac output had been measured by both
direct Fick and ballistocardiographic methods.
These 5 subjects were representative of the
larger group since the average difference between
Fick and ballistocardiographic determinations was
very nearly the same as the average difference for
the entire group of 14, being 17.3 per cent as
opposed to 18.5 per cent. It is significant, there-

8 The aortic visualization had been performed by Drs.

Robb, Steinberg, and Roche, who very kindly placed this
material at our disposal.
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TABLE III
Comparison between direct Fick and ballistocardiograph

stroke volume in 5 .:ougjects. Influence of direct measure-
ment of the aorta (diodrast) in the determination of stroke
volume by ballistocardiograph
Stroke volume
Aortic cross
Body | Section area Ballisto-
Subject Age |surface cardiograph
area Direct
. ] Fick
Bazett | Di% | Bagett| Dic,
$q. m. §q. cm. cc.
W.O'Bo...| 49 | 1.88 [ 4.08 | 5.72 | 70.2 | 83.2 | 79.1
PH...... 52 | 1.80 {4.02 | 5.31 | 61.6 | 70.7 | 68.4
JL....... 39 | 1.68 | 3.02 | 5.73 | 52.2 | 71.5 | 69.7
{_.D 21 | 1.79 | 2.38*| 4.15 | 49.0 | 64.3 | 60.8
.L 61 | 1.66 [4.70 | 5.88 | 73.1 | 81.8 | 81.2

* Estimated on basis of best weight.

fore, that, as shown in Table III, the difference
between direct Fick and ballistocardiographic re-
sults averaged only 3.5 per cent when the ballisto-
cardiograms were re-calculated using diodrast
measurements of the aortas.

It thus appears probable that the use of Bazett’s
figures for the internal cross-section of the aorta
introduces an error into the calculation of cardiac
output by Starr’s wave area formula, and that in
the 5 cases studied, correction of this error by
direct measurement of the aortas resulted in good
agreement between ballistocardiographic and di-
rect Fick methods.

SUMMARY AND CONCLUSIONS

1. The accuracy of the ballistocardiographic
method of cardiac output determination was tested
by comparing it with a method based on the Fick
principle.

2. The technique of the direct Fick determina-
tion, involving catheterization of the right auricle,
was discussed.

3. Fourteen almost simultaneous pairs of car-
diac output determinations were compared, in
which the following criteria were satisfied: pulse
rate varied less than 4 beats; ballistocardiograms
were normal in shape, regular, and easily read-
able; cardiac output calculated separately from
oxygen consumption and from carbon dioxide
elimination checked closely.

4. Cardiac output as determined by the direct
Fick method was found to be larger by 18.5 per
cent than the value calculated from the ballisto-
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1 foot

6 inches

Fic. 3.

A. Side view of the ballistograph showing platform (1), driving lever (2), recording lever (3).

B. Top view, showing position of platform with respect to frame and position of calibrating spring (4).

C. End view, showing platform suspended by spring steel strips (5).

D. Cross-section of platform and frame, showing arrangement of strut (9) between frame (8) and platform (7),
thereby preventing lateral movement. At either end, the 3% inch strut is connected to platform and frame,
respectively, by a strip of spring steel 1% inch by 142 inch.

cardiogram, using Bazett’s tables for the internal
cross-section of the aorta.

5. Using figures for aortic cross-section ob-
tained by diodrast visualization in 5 cases, cardiac
output as calculated from the ballistocardiogram
was found to check very closely with the values
obtained by the direct Fick method, the average
difference being 3.5 per cent.

6. On the basis of these findings, it is suggested
that the accuracy of cardiac output determination
with the ballistocardiograph may be improved (1)
by correcting the calculated value by an amount
equal to the average error found experimentally,
i.e. 18.5 per cent, or (2) by introducing in the
formula a value for internal cross-section of the
aorta based on diodrast visualization.
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APPENDIX
THE DESIGN OF THE BALLISTOCARDIOGRAPH

By DUGALD E. S. BROWN
(Department of Physiology, New York University College of Medicine)

The design of the ballistocardiograph follows, in gen-
" eral,” the principles of that of Isaac Starr (2). The
major problem faced in a portable model is the elimina-
tion of distortion and vibrations arising from faulty
design. The short suspension elements and the position
of the driving lever and optical recording units were
selected as being most suitable for the purpose. Damping
of the platform would greatly improve the records but
does not appear necessary at the present time.

The framework throughout is of angle iron, 114 inches
wide and 1§ inch thick, reinforced with bands 134 inches
by 3% inch. The platform is covered with 74 inch ply-
wood and, if desired, may be covered with a sponge
rubber mat 1 inch in thickness.

The platform is suspended by four strips of spring
steel, 5 inches long, % inch wide, and 342 inch thick. It
is fitted with a locking device at the foot to immobilize
the platform when necessary. Lateral stabilization of the
platform is obtained by struts (Figure 1, D, 6) of the
type employed by Starr.

The driving lever (Figure 1, A, 2) is a strip of tool
steel, 5% inches by 3 and ¥ inch in thickness. The
platform rests against the lever 1% inch from the fulcrum
through a knife-edge strip of tool steel. An aluminum
extension, braced to eliminate secondary vibrations, pro-
vides a light extension of the driving lever to its attach-
ment to the recording lever (Figure 1, A, 3).

The recording lever, of the torsion wire type, provides
a positive connection to the driving lever at all times
through a light piece of chain. The mirror is mounted
rigidly on the torsion band to eliminate secondary free
vibrations. It is front surfaced with aluminum and has
a focal length of 0.25 D.

The lamp, mounted on the head of the bed, has a 75
watt projection bulb as a light source, a short focus con-
densing lens and an adjustable slit. With a 0.25 D mir-
ror, the image of the slit comes to a focus 0.5 meters
behind the lamp.

For purposes of calibration, a spring is provided which
is attached between the frame and the platform at 4
(Figure 1, B). Extension of the spring two centimeters
exerts a force of 1000 grams upon the platform.

The period of the platform under a given load de-
pends on the length of the suspension strips, the elasticity
of the driving lever, and the elasticity of the recording
lever. If a shorter period (greater frequency) is desired,
the simplest procedure is to increase the thickness of the
driving lever. Some amplitude will be lost, but this can
easily be corrected for by moving the camera further
from the mirror. In use, the bed must rest directly on
a solid floor if the free period of 15 per second is to be
retained. Best results are obtained when the bed is placed
close to an outside wall at right angles to the axis of
vibration of the floor, if such exists.
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