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LED-transistor optical vascular measure:
Replicability of a new device

J, RICHARD JENNINGS, LARRY YOUNG, and KAY BROCK
University of Pittsburgh, Pittsburgh, Pennsylvania

We describe the use of a photo-optical device for the measurement of peripheral vascular ac
tivity, the Optek OPB707A, which we advocate to replace the now obsolete Sensor Technology
STRT-850A. The Optek device provides a close coupling of light emitted and received through
use of a GaAIAs light-emitting diode (LED). It also provides a photodarlington transistor as the
receiver. The device should be used in a transmitted mode (e.g., LED illuminating tissue on vo
lar surface of thumb and receiver on the thumbnail). Signal-to-noise characteristics and replica
bility of the signal from occasion to occasion are shown to be equal or superior to those of the
earlier device.

Optical vascular measures serve as inexpensive, con
venient devices for the assessment of vascular changes
due to psychological stimulation. Sympathetically induced
changes in the vasculature are, for example, observed as
part of the orienting reflex (Sokolov, 1963). Optical
devices, often called photoplethysmographs, have been
in use for some time (Brown, 1967), but their validity
remains somewhat controversial. Despite considerable ef
fort, we (Jennings, Tahmoush, & Redmond, 1980; Tah
moush & Francis, 1986) have been unable to demonstrate
that optical measures accurately assess blood flow or pres
sure. Rather, the device may assess some combination of
blood flow and pressure; a combination that differs from
that assessed by other techniques such as laser or strain
gauge plethysmography (Saab, Jennings, van der Molen,
& Terezis, 1991; Tahmoush & Francis, 1986). Vascular
measures from the optical device have been shown,
however, to respond to pharmacological manipulations
that mimic sympathetically induced changes of the vas
culature (Jennings & Choi, 1983). In a rat model,
sympathetic-mimetic and vasodilative drugs induced phys
iologically appropriate changes in pulse transit time and
signal morPhology. Thus, continued use of the optical
device is justified on the basis of its validity for the as
sessment of sympathetic nervous system responsivity and
its low cost and ease of use.

In our last report to this journal (Sundennan & Jennings,
1983), we examined the calibration, replicability, and
comparability to venous occlusion plethysmography of a
light-emitting diode (LED) phototransistor device (Sen
sor Technology STRT-850A). In the present report, we
examine the measurement replicability of an improved
device, compare these results to those for the earlier
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device (Sunderman & Jennings, 1983), and note the im
proved features of the new device. The immediate impe
tus for this examination is the termination of manufac
ture of the earlier device. Two problems with the earlier
device also justify this examination. The first problem is
its relatively poor signal-to-noise ratio. Although the 850A
transducer functioned well with young individuals, un
der less ideal conditions-for example, with older volun
teers or in cold environments-the 850A often failed to
yield robust signals. The second problem was the device's
tendency for signal inversion. The 850A is used in a
reflective mode in which an LED potted immediately ad
jacent to the phototransistor shines light into the vascular
bed. Reflected light stimulates the phototransistor. Move
ment of a reflective source close to the light source
(< .7 mm) yields the inverse of a signal coming from
movement slightly more distant-beyond and proximal to
the focal point of the optics (see data sheet on the
STRT-850A, and Jennings & Choi, 1983). Blood vessels
move throughout the cardiac cycle, so signal inversions
can occur when a transducer's distance from the vascu
lar reflective bed varies. Ideally, a new device would solve
these problems while retaining the desirable properties
of the 850A.

The new device, the Optek OPB707A, is very similar
to the 850A. Optek has, in fact, provided a plug in replace
ment for the obsolete STRT-850A. Mechanically, the only
difference between the devices occurs in the material used
to cover the face of the sensors. Optek has used a visually
opaque material that reduces the effect of ambient light
while transmitting light in the frequencies used in the
device. This contrasts with the visually clear material used
in the earlier device. The silicon phototransistor is essen
tially the same in the two devices. It has a wide sensitiv
ity to light, 600-1 ,000 nm, with a peak sensitivity at
850 nm. Optek provides one device with a photodarling
ton transistor with relatively large internal gain charac
teristics, as well as a device with a lower gain transistor
comparable to the STRT-850A. The photodarlington con-
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figuration provides excellent sensitivity to infrared light.
This can be a confounding factor when the photodarling
ton device is used under incandescent lighting, because
the infrared emission will influence the phototransistor
signal. An important change in the electronics of the
device is the use of a gallium aluminum arsenide (GaAlAs)
LED rather than the gallium arsenide (GaAs) diode used
in the STRT-850A (Optek Technology, Inc., Product
Bulletin OPB707, July 1989). The GaAlAs LED has a
peak emission at 890 om, compared to the peak emission
at 930 om for the GaAs diode. Thus, the wavelength
match between emitted light and phototransistor sensitivity
(peak at 850 om) is superior for the GaAlAs diode. The
GaAlAs also requires less current for equivalent optical
output relative to the GaAs LED. Optek provides each
of these devices packaged individually as well as in
LED/phototransistor pairs.

This report illustrates the use of a single LED trans
mitting light through a vascular bed to a photodarlington
receiver. Initial tests of the Optek device with a GaAlAs
LED packaged adjacent to a photodarlington transistor
showed much greater amplitude signal, but a tendency to
midfrequency noise not present in the 850A. The noise
(approximately 20 Hz) tended to obscure exact timing of
systolic onset and peak of the optical signal. For this rea
son, we examined the use of the transducer in a transmit
ted rather than a reflected mode. The enhanced gain of
the new device permitted, for example, the illumination
of the underside of the thumb and the sensing of the trans
mitted light at the thumbnail. In Figure I, the STRT-850A

reflective signal from the thumbnail of the left hand is
compared with the Optek-transmitted signal from the
thumbnail of the right hand. The signal strength of the
new device is greater than that of the old device, despite
the use of a transmitted mode. Most importantly, the trans
mitted signal was largely free of noise, perhaps because
of the averaging of vascular activity over a greater area
than that sensed in the reflective mode. Furthermore, the
use of transmitted light would be expected to eliminate
the signal inversion problem, because the primary signal
source is not the change in the superficial vessels assessed
by the reflective mode.

Prior work with the 850A device suggested that calibra
tion with a light bench technique was not superior to the
simple use of voltage output. Given the electronic and op
tical similarity of the new and old devices, it did not seem
critical to repeat the calibration tests and the test of com
parability to volumetric flow devices. The use of the new
device in the transmitted mode did, however, raise ques
tions of replicability over time and repeated application
within individuals. For this reason, we repeated our tests
of the replicability of measurement, using two Optek
devices (two emitter-receiver pairs) and attaching and
reattaching the devices to different hands six times.

METHOD

Subjects
Seven male volunteers between 22 and 46 years of age

and 1 female, age 30, served as subjects. Six were em-

Figure 1. Sample signals taken simultaneously from the previously advocated photo device,
STRT-850A, and the device currently suggested, Optek OPB707A. The STRT device is on
the left thumbnail and is used in the reflective mode (emitter and receiver both at the thumb
nail); the Optek receiver/phototranslstor is on the right thumbnail with the emitterlLED on
the volar surface of the thumb. Signals are from a Grass polygraph recording with both sig
nals conditioned by a de preamplifier. Gain is 40 mV/cm for both the STRT and the Optek
channel.
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ployees of the University of Pittsburgh and 2 were sum
mer students. All were screened for good health.

Procedure
The experimental session began with the application of

three ECG electrodes followed by the attachment of the
two optical devices. Each device was prepared by con
necting a I-in. section of a Stomaseal adhesive disk (3M,
St. Paul, MN) to the receiver side. An opening was cut
in the Stomaseal to allow the surface of the transducer
to lie directly on the thumbnail. To ensure a complete con
nection between the device and the Stomaseal, a bead of
collodion was applied around the sides of the device holder
adhering to the upper side of the adhesive disk.

The diode voltage was initially set at a midrange value,
.060 V. After the receiver side was placed on the thumb
nail, the transmitter side was shifted on the pad of the
thumb until the signal was maximized for that subject.
The transmitter was taped to the thumb with Hytape (Hy
Tape Surgical Products, Yonkers, NY). If the signal was
too large or too small, the diode current was adjusted.
The same procedure was repeated for the other device.
The diode voltage levels were recorded and subsequently
used consistently throughout the experimental session for
that subject.

Each device was connected to each hand three times,
for a total of six separate applications. The sequence of
application was randomized by flipping a coin for each
subject. After the data collection, the devices were cleaned
and prepared for the next 3-min collection segment. A
Valsalva maneuver was performed after the final data
collection period. This maneuver is a standard physiologi
cal challenge that induces a transient response compara
ble to that induced by psychological challenge. After ap
proximately 4 min of rest, a 30-sec comparison period
was followed by the Valsalva maneuver, a maximal in
spiration into the lungs which was then held for 15-20 sec
while the volunteer maintained downward pressure on the
diaphragm. The inspiration was then released, and a recov
ery period of 30 sec followed.

Physiological signals were collected beat by beat for
3 consecutive minutes during each data-eollection seg
ment. During the entire procedure, the subject was seated
at rest in a semireclining chair. Heart rate, pulse onset
time to the thumb, and slope and amplitude of the signal
were measured using the clock and AID capability of the
DEC MINC computer. Pulse onset time was measured
as the time between the r-wave of the EKG and the maxi
mum slope during systole of the thumb signal. Amplitude
was measured from the point of maximum slope to the
peak amplitude of the signal. Responsivity measures from
the Valsalva maneuver were read by hand and limited to
the amplitude measure. Responses were measured as the
maximum change in amplitude relative to the amplitude
of signals for five beats preceding the instruction to initi
ate the Valsalva maneuver. Recovery was defined by the
mean amplitude of five beats following release of the Val
salva maneuver and clearance of any attendant artifact.

The study was conducted in a chamber controlled for
temperature and sound. A single fluorescent light bulb
was the only source of light.

A complete description of the measurement system, as
well as a more general description of optical vascular
measurement, can be found in Jennings et al. (1980).

Statistical Approach
A statistical approach comparable to that employed in

the earlier report (Sunderman & Jennings, 1983) was
used. Analysis of variance was applied to the results with
factors for devices, replications, and individuals. The
generalizability/replicability of the measures was then cal
culated by using the derived mean squares. We used the
approach of Llabre et al. (1988), which is a generalization
of our previous method (Bartko, 1966). We calculated the
expected generalizability of measurements made with one
or two devices and with from one to six replications of
the baseline values. For the responsivity estimates, we
will only be able to describe the generalizability of meas
ures made from one as opposed to two devices.

RESULTS

Table I presents the generalizability coefficients show
ing the likelihood with which the obtained value of the
optical index would be obtained with either one or two
devices and, in the case of the baseline measures, with
one to six replications (averaged value over 3 min). Con
ceptually and numerically, the generalizability coefficient
for a single replication is similar to a correlation coeffi
cient computed between replications. The value of the
generalizability coefficient required for a project will de
pend on the goals and resources of that project, but it
would be reasonable to have a generalizability of .7 or

Table I
Generalizability Coefficients for Baseline and Change Values

Replications

2 3 456

Pulse Transit Time (milliseconds)

Single device .73 .86 .90 .92 .93 .94
Two devices .86 .92 .95 .96 .97 .97

Pulse Slope (millivolts/second)

Single device .34 .50 .60 .67 .72 .75
Two devices .50 .67 .75 .80 .84 .86

Pulse Amplitude (millivolts)

Single device .28 .43 .52 .59 .63 .66
Two devices .44 .60 .69 .74 .77 .80

Change in Pulse Amplitude (millivolts)
Base to Response

Single device .83
Two devices .91

Response to Recovery

Single device .85
Two devices .92



376 JENNINGS, YOUNG, AND BROCK

Table 2
Mean Values of Measures and Standard Errors

from the Two Devices Employed

Device A Device B

Type of Measure M SE M SE

Pulse Transit Time (milliseconds)

Level 265 2 268 3

Pulse Amplitude (millivolts)

Level 335 19 297 21

Pulse Slope (millivolts/second)

Level 7.2 .4 7.6 .4

Delta Amplitude (millivolts)

Base to response 1.38 .22 1.30 .32
Base to recovery .09 .25 .18 .16

above. By this criterion, measures of transit time are
generalizable in all cases, but the use of more than three
replications and/or more than one device is required for
estimating a subject's pulse slope and amplitude. Note that
the responsivity of the same variables can be generalized
with greater confidence. The robustness of the respon
sivity measure is probably due to the lesser variability of
responses measured within individuals, in comparison
with the great variability of levels between individuals.

Table 2 presents the mean values (M) averaged across
replications for the two devices. Ideally, means over replica
tions for the two devices should be identical, but more
realistically, the means should fall within the standard er
ror of the mean for both devices. Table 2 presents the
standard error of the mean (SE) to permit this compari
son. Note that by these criteria the baseline pulse ampli
tude results do not show good generalizability.

DISCUSSION

The characteristics of the 850A and the new photo
darlington device are similar enough that the information
available on the 850A should be relevant to the new
device. We have tested the generalizability/reliability of
transmitted-mode data collection, using the new device.
This mode provides signals with good signal-to-noise
characteristics and also should prevent the signal inver
sion that affected the 850A used in the reflective mode.
The 850A showed intraclass correlations of reliability of
.87 for pulse amplitude and .79 for changes in amplitude.
The pulse amplitude results were based on five replica
tions performed with two devices (and 11 subjects). The
new device used in the transmitted mode was tested more
thoroughly for generalizability/reliability. The derived in
traclass correlations (generalizability coefficients) were
in the comparable .8 range for a number of replications

similar to the earlier study. Pulse slope measures, only
tested in the current study, showed somewhat greater sta
bility than did the pulse amplitude measures. Given the
high correlation of these measures (Jennings & Choi,
1983), the slope measure should probably be used as an
index of vasoconstriction/vasodilation rather than the am
plitude measure.

Changes in pulse slope can be generalized rather
readily, but the relatively poor generalizability of the slope
and amplitude basal measures with a single device and
only one or two replications should be noted. The mea
sure is very sensitive to variations in location and pres
sure of application. Accurate, quantitative estimation of
a person's pulse amplitude or pulse slope requires a num
ber of replications. The current results suggest that a valu
able strategy might also be to take concurrent measures
from comparable vascular beds with more than one
device. With such a strategy, three replications from two
devices (taking less than 20 min) should provide adequate
generalizability of pulse slopes.

In general, the new photodarlington device appears to
have adequate test-retest consistency and desirable signal~

to-noise characteristics, and it is comparable in most other
respects to the well-documented 850A optical device. On
this basis, we can recommend the use of the photodarling
ton device in the transmitted mode as a replacement for
the no longer available 850A optical transducer.
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