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Cortical Doppler flux was measured using a single-
fiber, 0.8-mm-diameter surface Doppler probe (DRT4, 
Moor Instruments) secured at the juncture of the suture of 
the lateral parietal and temporal bones approximately 3 
mm below and ipsilateral to the cranial window over the 
parietal cortex, through a small nonpenetrating thinned-
skull bur hole.6,7

Statistical Analysis
Statistical analyses were performed using the Student 

t-test or the Kolmogorov-Smirnov test where appropriate. 
Differences between groups were determined using 2-way 
ANOVA for multiple comparisons and post hoc testing 
using the Mann-Whitney U-test. Bonferroni’s multiple-
comparison test was used for post hoc analysis, where the 
effects of different groups were compared. Significance 

level was preset to p < 0.05 except where Bonferroni cor-
rection indicated otherwise. Data are presented as the 
mean ± standard error of the mean.

Results
Dilation of Cerebral Arterioles and Increases in 
Microvascular Blood Flow 

Diameters of arterioles and capillaries in the volume 
of view (500 × 500 × 300 mm) were measured at all ex-
perimental points, and averages were calculated. Pulsed 
electromagnetic field treatment dilated arterioles, with an 
increase in average diameter from a baseline of 26.4 ± 
0.84 µm to 29.1 ± 0.91 µm, which gradually returned to 
27.5 ± 0.90 µm, not significantly different from baseline 
after 3 hours (Fig. 2B and Table 1; 11 rats, p < 0.01). In 
capillaries, the dilatory effect of PEMF was notable but 

Fig. 2. Pulsed electromagnetic field treatment dilates cerebral arterioles and increases microvascular flow.  A: The PEMF signal 
configuration: T1, 3-msec burst pulses; 1/T2, 5 Hz at 2 bursts per second; 1/T3, 27.12-MHz carrier; B, 225 mV/9 µT peak induced 
electromagnetic field.  B: Time series plot shows the time course of the increase in arteriolar diameter (10–30 mm) from 26.4 ± 0.95 
mm before to a peak of 29.1 ± 0.91 mm after PEMF treatment. Diameters gradually returned to a baseline during 3 hours.  C: Time 
series plot of average capillary diameters (3–8 mm) shows insignificant dilation after PEMF treatment, returning to a baseline during 
3 hours, following the arterioles pattern.  D: Maximum intensity projection of a region from which microvascular flow was recorded 
(left, 20 planar scans acquired every 10 µm from the brain surface). Line-scan data (upper right) for blood flow velocities in the 
capillary outlined in red in the left panel, indicating RBC flow velocity increase (lower right) after PEMF treatment. The slope of the 
stripes inversely reflects RBC flow velocity.  E: Frequency histograms and gaussian fit show that PEMF treatment increased RBC 
flow velocity in capillaries (3–8 µm) in the rat cortex in comparison with baseline.  F: Time series plot shows an increase by 5.5% 
± 1.3% in the average RBC flow velocity in capillaries after PEMF treatment compared with baseline. Capillary RBC flow velocity 
gradually returned to a baseline during 3 hours. Data are normalized to a baseline. For all time series plots: values represent the 
mean ± SEM; 11 rats; **p < 0.01, *p < 0.05. Dashed black line represents time control values. Figure is available in color online only.
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insignificant and followed arteriolar diameter changes 
that returned to baseline during 3 hours after treatment 
(Fig. 2C; 11 rats). In the time control group, arterioles and 
capillary diameters were unchanged over 4 hours (Table 
1). Arterioles are the primary site of vascular resistance 
and probably the primary target for NO-induced vasodi-
lation. Capillary walls do not have smooth muscle and 
are therefore not susceptible to NO vasodilatory effects. 
However, dilation could be a function of increased wall 
shear stress due to increased blood volume flow resulting 
in increased transmural pressure and enlargement of the 
capillaries.24

Red blood cell flow velocities were measured for each 
capillary in the imaged volume (500 × 500 × 300 mm) at 
all experimental points, and frequency histograms were 
plotted. Flow velocity–frequency histograms and gauss-
ian plots for capillaries (3–8 µm) in a rat brain showed 
that normal RBC velocity ranged from 0.14 to 3.15 mm/
second with a normal distribution (Fig. 2E). After PEMF 
treatment, the frequency histogram and gaussian plot 
showed a shift in capillary flow velocities to higher veloc-
ities (Fig. 2E). When averaged and normalized to base-
line, capillary blood flow velocities increased to 105.5% ± 
1.3% after PEMF treatment (Table 1 and Fig. 2F; 11 rats, 
p < 0.01). Capillary RBC flow velocity gradually fell to 
102.8% ± 1.9% over 3 hours after PEMF treatment, which 
was not significantly different from baseline. In the time 
control group, significant changes were not observed over 
the 4 hours monitored.

Enhanced Tissue Oxygenation After PEMF Treatment 
The coenzyme NADH is the primary electron donor 

in oxidative phosphorylation, and its redox state reflects 
mitochondrial activity, which depends on tissue oxygen-
ation. Note that NADH is fluorescent, whereas oxidized 
NAD+ is not; therefore, NADH autofluorescence is a sen-
sitive indicator of cellular oxidation8 and was used here 
to evaluate tissue oxygenation.6,7,54 The NADH autofluo-
rescence was evenly distributed in the rat parietal cortex, 
showing a gradual increase in intensity with distance from 
the microvessels (Table 1 and Fig. 3A) because of the oxy-
gen gradient.54 The PEMF treatment decreased NADH 
autofluorescence to 94.7% ± 1.6% of baseline, reflecting 
improved tissue oxygenation (Fig. 3B and C; 11 rats, p 
< 0.05). The NADH concentration gradually returned to 
97.4% ± 1.9% of baseline over 3 hours after PEMF treat-
ment, correlating with the changes in microvascular di-
ameter and RBC flow velocity. In the time control group, 
NADH fluorescence was unaltered over the 4 hours.

Blocking the Effects of PEMF Treatment on the Cortical 
Microcirculation and Metabolism by NOS Inhibition With 
L-NAME

Nitric oxide synthase inhibition with L-NAME was 
used to evaluate the role of NO in modulating the ef-
fects of PEMF on the microcirculation of the brain. The 
inhibition of NOS prevented the change in arteriolar di-
ameters after PEMF stimulation (Table 1 and Fig. 4A; 7 
rats). Similarly, capillary RBC flow velocity and tissue 

TABLE 1. Measured variables in healthy rats*

Variable Group Baseline I Baseline II or L-NAME Post-PEMF, 0 Hr Post-PEMF, 1 Hr Post-PEMF, 2 Hrs

Average arteriole  
  diameter (µm)

Time control 25.9 ± 0.96 26.0 ± 0.94 25.9 ± 0.95 26.1 ± 0.90 25.9 ± 0.92
PEMF 26.4 ± 0.84 26.4 ± 0.95 29.1 ± 0.91† 28.6 ± 0.89‡ 27.5 ± 0.90
L-NAME + PEMF 25.8 ± 0.87 24.1 ± 0.94§ 24.0 ± 0.91 24.2 ± 0.89 23.9 ± 0.90

Average capillary  
  diameter (µm)

Time control 5.65 ± 0.31 5.62 ± 0.30 5.67 ± 0.32 5.66 ± 0.29 5.65 ± 0.33
PEMF 5.51 ± 0.27 5.50 ± 0.28 5.92 ± 0.29 5.81 ± 0.27 5.74 ± 0.28
L-NAME + PEMF 5.72 ± 0.36 5.68 ± 0.34 5.71 ± 0.30 5.72 ± 0.33 5.70 ± 0.29

RBC flow velocity 
  (% baseline)

Time control 100.0 ± 0.8 100.4 ± 1.0 100.9 ± 1.1 98.1 ± 1.5 99.5 ± 1.2
PEMF 100.1 ± 1.7 100.5 ± 1.8 105.5 ± 1.3† 104.4 ± 2.1‡ 102.8 ± 1.9
L-NAME + PEMF 100.0 ± 1.8 97.5 ± 1.9¶ 97.9 ± 1.8 97.0 ± 2.0 97.8 ± 2.1

NADH (% baseline) Time control 100.0 ± 1.4 99.8 ± 1.6 100.3 ± 2.5 100.2 ± 2.2 99.9 ± 2.4
PEMF 100.0 ± 1.7 100.3 ± 1.8 94.7 ± 1.6† 96.2 ± 2.2‡ 97.4 ± 1.9
L-NAME + PEMF 100.0 ± 1.8 102.4 ± 1.8** 102.3 ± 1.7 102.4 ± 2.1 102.5 ± 2.0

Doppler flux  
  (% baseline)

Time control 100.0 ± 0.6 98.8 ± 0.8 101.1 ± 0.5 100.1 ± 0.5 99.7 ± 0.6
PEMF 100.1 ± 0.7 99.7 ± 0.8 105.1 ± 0.7†† 103.4 ± 0.5 102.3 ± 0.6
L-NAME + PEMF 100.0 ± 0.9 96.1 ± 0.9§§ 97.3 ± 0.8 97.4 ± 0.9 98.2 ± 0.7

*  Values are expressed as the mean ± standard error of the mean. Five rats were in the time control group, 11 in the PEMF group, and 7 in the L-NAME group. 
†  p < 0.01. 
‡  p < 0.05.
§  p < 0.24.
¶  p < 0.3.
**  p < 0.18.
††  p < 0.09.
§§  p < 0.11.
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oxygenation, reflected by NADH autofluorescence, were 
unchanged after PEMF treatment when NOS was blocked 
by L-NAME (Fig. 4B and C). These data show that the 
effects of PEMF on cerebral microcirculation and oxy-
genation are modulated by NO.

Interestingly, L-NAME inhibition of NOS caused ar-
teriolar constriction from 25.8 ± 0.87 mm at a baseline 
to 24.1 ± 0.94 mm probably due to baseline NO depletion 
(Table 1 and Fig. 4A; 7 rats, p < 0.24). Arteriolar constric-
tion led to reduced blood volume flow and reduced capil-
lary RBC velocity to 97.5% ± 1.9% of normal (Fig. 4B; p 
< 0.3). The reduction in microvascular perfusion led to an 
increase in NADH autofluorescence to 102.4% ± 1.8% of 
baseline, reflecting decreased tissue oxygenation (Fig. 4C; 

p < 0.18). However, these changes were not statistically 
significant.

Discussion
High-frequency PEMF treatment with the SofPulse 

device in the brain of healthy anesthetized rats dilated ar-
terioles (10–30 mm), increased RBC flow velocity, and de-
creased NADH, indicating improved tissue oxygenation. 
The vasodilatory effect of PEMF persisted for 3 hours then 
gradually returned to baseline. Our studies show that the 
blockade of NO synthesis abolished the effects of PEMF 
on the cerebrovasculature, supporting the hypothesis that 
PEMF effects are mediated by NO. These results support 

Fig. 3. Pulsed electromagnetic field–induced enhancement of cerebral microvascular flow increases tissue oxygenation. In vivo 
2PLSM images of NADH autofluorescence in normal rat cortex at baseline (A) and after PEMF treatment (B) with regions of inter-
est representing a decrease in NADH autofluorescence. Time series plots (C) from the ROIs presented in panels A and B, showing 
decreased NADH by 5.3% ± 1.6% after PEMF treatment, reflecting improved tissue oxygenation. The NADH gradually returned to 
baseline over 3 hours, correlating with changes in arteriolar diameters and capillary RBC flow velocity. Values represent the mean 
± SEM; 11 rats; **p < 0.01, *p < 0.05. Data are presented as a percentage of baseline. Dashed black line represents time control 
values. Figure is available in color online only.

Fig. 4. The inhibition of NOS via L-NAME obliterates the effects of PEMF on cerebrovascular flow and metabolism.  A: Time 
series plot shows that NOS inhibition ceases dilation of arterioles (10–30 mm) by PEMF treatment. Note that the intravenous 
injection of L-NAME causes steady constriction, reflecting NO depletion.  B: Time series plot shows no changes in RBC flow 
velocity in capillaries after PEMF treatment during NOS inhibition. Note that L-NAME induced a decrease in capillary blood flow 
due to arteriolar constriction.  C: Time series plot shows no change in NADH autofluorescence after PEMF treatment during NOS 
inhibition, reflecting no effect on tissue oxygenation. Note that L-NAME increased NADH because of reduced capillary perfusion 
and decreased tissue oxygenation. For all time series plots: values represent the mean ± SEM; 7 rats; data are presented as a 
percentage of baseline. Dashed black line represents time control values. Figure is available in color online only.
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findings in some studies9,33,36,41–43 while contradicting oth-
ers.3,25 The reason for this difference may be attributable 
to the use of various tissues and varying PEMF treatment 
parameters.

Similar to the effects of PEMF exposure on NO, the 
effects of exposure on blood flow also vary and could also 
depend on PEMF treatment parameters. The microvas-
cular response could also depend on the tissue studied, 
which makes it difficult to compare our results with those 
of other studies since this is the first application to the 
brain. Few studies using positron emission tomography 
on healthy humans, addressing concern over the safety of 
cellular phone use, have shown either an increase in glob-
al cerebral blood flow19 or no effect.16 However, the pa-
rameters of the cell phone electromagnetic field are very 
different from what we used (900 MHz with a 217-Hz 
pulse rate in cell phones vs 27.12 MHz with a 5-Hz pulse 
rate in SofPulse) and hardly comparable, as electromag-
netic fields in the SofPulse range pass unaffected through 
tissue types while those above that range are increasingly 
attenuated.

The effects of PEMF on microvascular vasodilation 
and flow in the healthy rat brain were statistically sig-
nificant but relatively small. However, in the ischemic or 
injured brain, the effects of PEMF on microvascular flow 
could be amplified as a result of a decrease in vascular 
wall shear stress, which could be counteracted synergisti-
cally by an increase in microvascular wall shear stress 
provided by vasodilation and increased microvascular 
flow via PEMF. The vascular wall is highly sensitive to 
the hydrodynamic forces exerted on the endothelium by 
flowing blood, which affects the endothelial phenotype 
by regulating the activity of flow-sensitive proteins.56 The 
resultant increase in vascular wall shear stress would also 
improve circulation by inhibiting leukocyte adhesion to 
the endothelial wall and counter the production of apop-
totic mechanisms and inflammatory mediators.46,58,59 
Thus, whereas the effects on the cerebrovasodilatory and 
inflammatory response in the healthy brain may be small, 
the effects in the injured brain could be amplified. The 
effect of PEMF in improving wound healing supports the 
notion that the PEMF treatment effects may be amplified 
in ischemic or traumatized tissue.4,13,15 The enhancement 
of microvascular flow, increase of vascular wall shear 
stress, and improved tissue oxygenation could be a result 
of several mechanisms leading to the decrease in ische-
mic infarction reported in previous studies.14,39

The increase in cerebral perfusion was not detected 
by the 0.8-mm-diameter Doppler flow probe with a tis-
sue volume of about 0.8 mm3 (Table 1), which is probably 
attributable to volume averaging of tissue perfusion, as 
reported by Jones et al.23 The smaller the tissue volume 
sampled, the greater the variability in the pattern of per-
fusion. Conversely, the greater the volume of tissue sam-
pled, the more homogenous the patterns of blood flow. 
Thus, at the microvascular level of 3–30 µm diameter, the 
heterogeneity of perfusion is clearly demonstrable, show-
ing some microvasculature with increased RBC flow ve-
locity. This might be a partial reason for contradictory 
results in previous studies using Doppler flow probes. Us-
ing 2PLSM, we were able to differentiate diameter and 

blood flow changes in different microvascular compart-
ments and to track them in each individual microvessel in 
an imaged volume of 500 × 500 × 300 mm.

Conclusions
Our observations show that PEMF induce arteriolar 

dilation by an NO-dependent mechanism. Vasodilation 
leads to an increase in cerebral microvascular blood flow 
and, as a result, improved tissue oxygenation that persists 
for 3 hours. Our studies explain a possible mechanism of 
action of PEMF in wound healing and suggest that PEMF 
may be an effective treatment strategy after severe trau-
matic and ischemic brain insults.
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