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Photoplethysmogram (PPG) and pressure pulse waveform (PPW) were compared and evaluated for the effi-
cacy of stimulating knuckles by using the pulsed magnetic field. Both signals were observed simultaneously
while the knuckles were exposed for 10 min to the pulsed magnetic field, with maximum field intensity of 0.8 T
and transition time of 0.126 msec. After S min stimulation of the knuckles, the results showed that the aging
indexes calculated from the second derivative of the PPG were increased from —1.913 to 0.072, and that of the
PPW from —0.063 to 0.387. However, for the relatively long-term stimulation for 10 min, we found that the val-
ues of both the aging indexes of the second derivatives and augmentation index of the PPW returned to the
starting level. The changes observed in characteristic factors such as the aging indexes of the second deriva-
tives and augmentation index of the PPW indicate the potential of pulsed magnetic field stimulation as a ther-
apeutic method for the treatment of patients with peripheral vascular disease.
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1. Introduction

Pulsed electromagnetic fields have been used as thera-
peutic agents over the last 40 years, following convincing
evidence that electric currents can accelerate bone for-
mation [1]. Specifically, electromagnetic-field stimulation
gained credibility as a therapy following observations that
the application of physical stress on bones promoted the
formation of very small electric currents that are related to
bone formation. A similar mechanism has been observed
for cartilage, whereby electrical stimulation of chondro-
cytes increased the synthesis of the major component of
cartilage matrix, known as proteogylcans [2].

Recently, stimulation of the human body by using
pulsed electromagnetic fields has gained interest as an
alternative non-invasive medical treatment for peripheral
vascular disease as well as a musculoskeletal dysfunction.
Some results showed that the vascular blood flow can be
increased by pulsed electromagnetic field stimulation. For
example, Mayrovitz and Larsen found that exposure to
pulsed magnetic field for 40 min significantly increased
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blood perfusion (by 29%) in the exposed arm. Further-
more, they also indicated that this method was effective in
increasing the blood perfusion in the peri-ulcer skin
microcirculation of diabetic patients. These researchers
suggested that microvessel recruitment may be responsi-
ble for the increases in perfusion and volume after expo-
sure, since there was no change in blood velocity after
exposure [3, 4].

In addition, there is much interest regarding the micro-
circulatory system. Microcirculation is the blood flow
through the microvasculature, i.e., the arterioles, capillaries,
and venules. These vessels nourish the body’s tissues and
organs. Two important functions of the microcirculatory
system are alteration of the blood flow according to the
varying metabolic requirements of the tissues it serves
and stabilization of the blood flow and pressure by
making local regulatory adjustments [5-8]. Accordingly, a
greater understanding of this vascular network has, and
probably will in the future, lead to advances in tissue
regeneration, pain control, circulatory disorders, etc. In
fact, several attempts have been made to explore the
parameters of microcirculation and microvasculature when
tissue and/or blood vessels have been exposed to pulsed
magnetic field.
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With regard to the stimulation methods, an electro-
magnetic field with a low frequency and a weak intensity
has been studied in several ways for its adjunctive use in
the palliative treatment of postoperative pain and edema
in superficial soft tissues and in the treatment of Parkin-
son disease [9]. Most of the physiological effects of
electromagnetic field stimulation on cells and tissues were
investigated at intensities of a few tens of milliteslas and
at a frequency range of 6.4~75 Hz [10].

In this work, we determined the vascular stiffhess related
to vascular aging and the sclerosis level in blood vessels
by simultaneous acquisition of the pressure pulse wave
(PPW) and photoplethysmogram (PPG) under pulsed
electromagnetic field stimulation of the knuckles. In order
to identify correlation factors, comparison of the 2 wave-
forms and the second derivatives was also performed to
take account for the effects of the pulsed magnetic field
stimulation.

2. Experimental Method

The schematic diagram for the experimental setup is
shown in Fig. 1. The generating coil was wound to a
single layer of 10 turns with a hollow rectangle shape of
9.0 x 1.2 cm using a flat square-shaped single stranded
wire of 1 mm in thickness and 3 mm in width. Our
system was designed to generate a pulsed magnetic field
that had a maximum intensity variation of 0.8 T at a
transition time of 0.126 msec. To stimulate the knuckles,
the generating coil was placed under the fingers. To
investigate the change in the blood flow in the peripheral
vessel caused by the magnetic field stimulation, the PPW
system PP-1000 (Hanbyul Meditech Co., Ltd., Korea) and
the photoplethysmograph MP35 (Biopac Systems Inc.,
CA) were attached to the region of the radial artery and
the middle phalanx of the middle finger of a hand, respec-
tively. The PPW and PPG were recorded simultaneously
under pulsed magnetic field stimulation for 10 min.

3. Results and Discussion

For the stimulation of the knuckles, the 2 waveforms
obtained from the PPG and PPW showed the same
features (Figs. 2a and b). The PPW had more apparent
peaks that were used to calculate the augmentation index
and to assess alterations in the blood perfusion due to
arterial sclerosis or vascular aging (points P1, P2, and P3
in Fig. 2a). However, the PPG measured at the end of the
middle finger did not show any notable peaks (arrows in
the Fig. 2b). The augmentation index is usually calculated
as (P2-P3)/(P2-P1) [11, 12].
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Fig. 1. Schematic diagram of the stimulation device, the pho-
toplethysmogram, and the pressure pulse wave.

Accordingly, the augmentation indexes calculated for
the different stimulation times are shown in Table 1; the
values of 3 min and 5 min stimulation were increased to
0.896 (SD: 0.04) and decreased to 0.718 (0.04), respec-
tively, compared to the starting value 0.768 (0.04). Even
if those differences were relatively small, we thought they
might have been caused by the pulsed magnetic field
stimulation. After stimulation for 10 min, the value of the
augmentation index returned to the starting value. Thus,
we propose that this effect was caused by adaptation to
the stimulus due to the homeostatic behavior of the cir-
culation system.

The PPWs are reflected back from the periphery and
are summated with the forward-going wave to produce
the characteristic aortic pressure waveform. However, the
second derivative of the PPG is more useful as an alter-
native method for the assessment of arterial elastic pro-
perties than the PPW for the evaluation of characteristics
of peripheral vascular diseases such as vascular aging and
sclerosis level.

The second derivatives of the 2 waveforms were calcu-
lated as shown in Figs. 2c and d, where these 2 figures
were emphasized by 3 times against the time axis for the
visibility. As shown in these figures, the second derivatives
seem to be much clearer to evaluate the effect of the
pulsed magnetic field stimulation than the original wave-
forms. In general, the second derivative of the PPG con-
sists of 4 points in the systole and 1 in the diastole as
noted in Fig. 2d. According to many clinical results, each
index is thought to be related to the characteristics of
blood perfusion such as vasodilation, vasoconstriction, and
vascular compliance. Although many PPG-derived para-
meters are defined in terms of the ratio of the height of
the waves to that of the a-point, we tried to focus on the
aging index, which is defined as (b-c-d-e)/a, for assessing
the effect of pulsed magnetic field stimulation [13, 14].

Fig. 3 and 4 show the indexes calculated from the
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Fig. 2. (a) The pressure pulse waveform (P;, ascending aortic diastolic pressure; P,, ascending aortic early peak systolic pressure;
P, ascending aortic late peak systolic pressure) and (b) the photoplethysmography waveform. (¢) The second derivative of pressure
pulse waveforms and (d) the second derivative of photoplethysmography waveform (a wave, the initial positive wave; b wave, early
negative wave; ¢ wave, re-increasing wave; d wave, re-decreasing wave; and diastolic e wave). The aging index was defined as (b-

c-d-e)/a.

Table 1. The augmentation index calculated with stimulating time.

Before 3 min 5 min 7 min 10 min
P1 0.130+0.37 1.183+0.37 -3.107+0.18 1.930+0.04 1.6534£0.29
P2 6.523+0.46 7.403+0.04 1.340+0.10 5.720+0.67 4.997+0.27
P3 5.043+0.53 6.757+0.21 0.087+0.21 4.787+0.90 4.223+0.27
Al 0.768+0.04 0.896+0.04 0.718+0.04 0.754+0.10 0.769+0.06
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Fig. 3. The index value calculated from the second derivative
of the pressure pulse waveforms (a wave, the initial positive
wave; b wave, early negative wave; ¢ wave, re-increasing
wave; d wave, re-decreasing wave; and diastolic e wave).
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Fig. 4. The index value calculated from the second derivative
of the photoplethysmogram (a wave, the initial positive wave;
b wave, early negative wave; ¢ wave, re-increasing wave; d
wave, re-decreasing wave; and diastolic e wave).
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Table 2. The aging indexes calculated from second derivative
of the pressure pulse waveforms and the photoplethysmogram.

Before 3 min 5 min 7 min 10 min
SDPPW —-0.063 0.004 0.387 0.398 —-0.087
SDPPG -1.913 -1.728 0.072 -2.038 —-1.836

second derivatives of the PPWs and the PPGs, respec-
tively. As shown in these tables, there was no consistency
between these values, except for the 5 min stimulation,
which could be explained because we just focused on the
aging index and did not evaluate other data in this study.
In this study, the 2 aging indexes calculated from both
waveforms have been shown to have the same tendency.
The aging index calculated from the PPW was increased
from —0.063 to 0.387 after stimulation for 5 min and then
decreased to —0.087 after stimulation for 10 min (Tables
2). The aging index calculated from the PPG was also
increased from —1.913 to 0.072 after stimulation for 5
min and then decreased to —1.836 after stimulation for 10
min. Unlike the patterns in the augmentation index of the
PPW, the aging index increased and decreased, which was
more apparent in the second derivatives. These changes in
the behavior in relation to the stimulation time are thought
to be caused by adaptation to the stimulus due to the
homeostatic behavior of the circulation system. Conse-
quently, the treatment time with pulsed magnetic field
stimulation should be optimized with regard to age,
gender, sclerosis level, etc. for its clinical application.

4. Conclusion

We have stimulated knuckles with pulsed magnetic
fields for different stimulation times and tried to assess
the effect of this treatment by using the PPW system and
photoplethysmography. We found that the pulsed mag-
netic field may affect the blood perfusion due to changes
in the peripheral vasculature noted after stimulation for 5
min, but not after stimulation for 10 min. On the basis of
these results, we suggest that analysis of the aging indexes
obtained from the second derivatives of either the PPG or
PPW may be useful for evaluating the efficacy of pulsed
magnetic field stimulation of the knuckles of patients with
diabetic peripheral vascular disease. Moreover, this assess-
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ment method can be utilized for optimizing the treatment
time of pulsed magnetic field stimulation. In order to
obtain statistical significance, clinical data acquisition
should be performed according to the experimental plan
approved by the institutional review board.
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