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ABSTRACT

Diastolic blood pressure declines after age 50 such that older adults
commonly have a diastolic pressure well below the optimal range of 80-
90mmHg, resulting in increased risk of all-cause mortality, cognitive
impairment, heart disease, and cancer. The cause of the age-related
diastolic pressure decline is not well understood. We propose diastolic
blood pressure declines with age primarily due to decreased venous return
resulting from soleus muscle atrophy. Neuro-rehabilitation of the soleus
muscles in older adults has the potential to improve venous return thereby
enhancing resting cardiac output, and correspondingly, optimizing diastolic
blood pressure. In a repeated measures prospective clinical trial, subjects
(N=25, age 75.7%7.2 years) underwent daily, non-invasive, soleus muscle
neuro-rehabilitation for six months, initiated through plantar nerve
modulation. Average soleus muscle fatigue strength increased more than
2x over the six months, resulting in an average 0.4 L/min/m? increase in
resting cardiac index (range 0.1-0.8 L/min/m2; p=0.003). This enhanced
cardiac output led to an average rise in resting diastolic blood pressure of
8mmHg, from 63.5mmHg to 71.5mmHg (p=0.001) in subjects not
undergoing hypertension therapy. Extrapolation indicated that optimal
(>80mmHg) diastolic blood pressure could be achieved, on average, with
approximately one year of daily neuro-rehabilitation. These results
provide confirmation that decreased venous return resulting from soleus
muscle atrophy plays a significant role in the age-related decline in
diastolic blood pressure, though overmedication and polypharmacy
appear to also play significant roles. These results provide support for
neuro-rehabilitation of the soleus muscles as a convenient and non-invasive
means to create substantial clinical benefits in older adults by reducing the
numerous health complications arising from chronically low cardiac output
and diastolic blood pressure.
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Introduction

Hypertension (brachial blood pressure >130/80mmHg)
is widely considered a significant risk factor for
cardiovascular disease in young and middle-aged adults.
However, for older adults, there is growing recognition
that “elevated” blood pressures can have substantial
beneficial health effects.! Over 25 years ago, Boshuizen,
et al.2 reported that for adults over age 85 years, systolic
blood pressures in the 140-160mmHg were associated
with  reduced all-cause mortality compared to
“normotensive individuals.” Further, they observed that
diastolic blood pressure (DBP) in the 80-95mmHg range
was associated with significantly reduced risk of all-cause
mortality as well as decreased rates of cognitive
impairment, heart disease, and cancer, compared to
those with lower DBPs. Extending these observations,
Post-Hospers, et al.,? followed subjects aged 65 years
and older for up to 16 years and observed that low DBP
was strongly associated with increased all-cause
mortality in the elderly. Hazard risks as high as 2x were
found for individuals with low physical functioning and
DBPs of 70mmHg or lower, compared to those with DBPs
of 71-90mmHg. These investigators posited that DBP was
more important than systolic blood pressure in
determining tissue perfusion levels, and as a result, all-
cause morbidity and mortality risk. This observation was
confirmed by Haring, et al.4 who reported all-cause
mortality in women over age 70 years to be significantly
increased in those with DBPs below 75mmHg. Masoli, et
al.’> addressed whether the observed increase in
mortality at low blood pressure levels could be a reverse
causation effect resulting from the decline in blood
pressure which typically occurs in the last few years
before death. They dismissed this hypothesis by showing
that systolic blood pressure levels ranging from
130mmHg to 180mmHg were associated with the lowest
all-cause mortality rates in both non-frail and frail adults
aged 75-85 years. Lian, et al.¢ have shown that reduced
morbidity and mortality at mild hypertensive levels is not
limited to the western world, but is also found in south
Asian populations. Filippone, et al.,” in a thorough review
of the clinical research addressing the issue of optimal
DBP levels, reported a convergence in the literature
pointing to an optimal DBP range of 75-85mmHg. Most
recently8, a review of mortality data for 10,000
hypertensive individuals in the National Health and
Nutrition Examination Survey (1999-2018) found that
all-cause mortality was significantly (p<0.001) reduced
in those with diastolic blood pressures in the 80-90mmHg
range compared to those with diastolic pressures of
<60mmHg, or in the 60-80mmHg range.

The growing recognition that morbidity and mortality
risks can be minimized in older adults by maintaining DBP
levels in the elevated to mild hypertensive range (80-
90mmHg) represents a critical health insight for geriatric
medicine given the ubiquity of chronic low blood pressure
in this population. Wright, et al.? summarized blood
pressure reference levels based on 2001-2008 National
Health and Nutrition Examination Survey (NHANES) data.
This dataset reports resting blood pressure recordings
obtained per American Heart Association standards
(seated for at least five minutes, arm at heart height,
average of at least two measurements obtained two
minutes apart, etc. DBP was found to decline continuously

in both men and women after age 50, such that by age
60 mean DBP levels were less than 80mmHg,
independent of whether the individual was taking
hypertension medications. By the ninth decade, mean DBP
levels were 65mmHg or less independent of therapeutic
status. Reanalysis using the 2011-2018 NHANES data
have confirmed these observations.!! These data
demonstrate that the majority of adults over age 60 are
at significantly increased risk of health complications as a
result of living with below optimal resting diastolic blood
pressure levels.

Age related changes in blood pressure are often
attributed to arterial stiffening. Years of pulsatile arterial
flow leads to fatigue and fracture of vessel wall elastin,
as well as vessel diameter expansion and wall thickening,
resulting in increased stiffness particularly in the aorta
and its major proximal branches.'?2 This outcome can
explain the rise in systolic pressure which occurs during
aging, but the decline in DBP after age 50 is less well
understood. That a stiffened aorta can limit volume
expansion during systole can, in part, explain a portion
of the DBP decline.’3 However, DBP decline after age 50
occurs in normotensive individuals at essentially the same
rate as in hypertensive individuals, pointing to an
alternative process dominating the age-related decline
in DBP.

An important contributing factor to the age-related
decline in DBP is the concurrent decline in cardiac output
(CO). Blood pressure is equal to the product of CO and
peripheral vascular resistance, and so a decline in CO
will lead to a drop in blood pressure in the absence of
compensatory adaptation through increased vascular
resistance. While the age-related decline in CO has been
known to occur for almost 100 years, it was not until
indicator dilution methods were developed that this
decline became well quantified. Brandfonbrener, et al.’4
first showed that CO in the supine individual declined
linearly from approximately 7 L/min at age 20 to
approximately 3 L/min by age 90. Katori'5 confirmed
these results, measuring CO in a semi-reclined position in
male and female subjects spanning the 4-78 year old
age range. Katori observed that CO peaked in the late
teen years at an average level of about 7L/min, then
declined at a linear rate of 0.045 L/min/year. More
recently, Middlemiss, et al.’¢ utilized non-invasive
techniques to assess cardiovascular hemodynamics across
the adult age range. This group also found, for subjects
in the supine position, CO declining by approximately
40% over the 20-70 age range, principally due to
reduced stroke volume. Peripheral vascular resistance
roughly doubles over this age range, resulting in the
maintenance of average systolic pressure. However, they
observed that even in relatively young subjects (average
age of 27 years) a 20% decline in CO occurred when
subjects transitioned to a seated position from supine, and
an additional 10% decline when subjects transitioned
from sitting to standing. This postural decline in CO results
from the drop in venous return to the heart due to
uncompensated gravity driven fluid pooling.!”

The challenge of maintaining CO in the upright posture
leads us to suggest that the age-related decline in
cardiac output primarily reflects a progressive loss in the
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ability to maintain venous return during orthostasis. Our
previous work has shown that older adults become
progressively less able to compensate for gravity driven
fluid pooling when in quiet upright posture. Specifically,
CO was observed to fall by over 35% in older adults
during extended quiet sitting.'® As venoconstriction of the
leg veins does not make a significant contribution to
venous return'®, maintenance of venous return in quiet
upright posture depends primarily on skeletal muscle
pumping.20

Correspondingly, we propose that the inability of older
adults to maintain cardiac output during quiet sitting, the
predominant activity for most older adults during their
waking day?', is due to a reduction in lower limb skeletal
muscle pumping activity. During quiet sitting, the soleus
muscles dominate lower limb skeletal muscle pumping.
Soleus muscle activity during quiet sitting has been shown
to be significantly enhanced through non-invasive neuro-
modulation, resulting in increased cardiac output.22 Here,
we investigate whether long-term, non-invasive neuro-
modulation is capable of rehabilitating soleus muscles
which have atrophied due to age, and produce a
sustained increase in resting cardiac output and diastolic
blood pressure in older adults. Such an outcome would
offer a convenient means for maintaining resting blood
pressure in the optimal range in older adults, substantially
reducing morbidity and mortality risks in this population.

Materials and Methods

We undertook a six-month, prospective, repeated
measures, clinical trial vutilizing an electromechanical
intervention to modulate plantar nerve activity through
stimulation of the Meissner’'s Corpuscles (mechano-
receptive plantar nerve endings) on the soles of the feet.
All procedures were performed according to the
Declaration of Helsinki by personnel certified in human
subject’s research standards. The data presented here
was collected as part of a larger protocol reviewed and
approved by Pearl Pathways Institutional Review Board
(ID# 2023-0306; Fishers, IN, USA), and undertaken
within the Clinical Research Laboratory at Sonostics, Inc.
in Endicott, NY.

SUBJECT RECRUITMENT

Older adult men and women (age 65-95 years) were
recruited for the study through referral by collaborating
physicians, outreach through community organizations,
and word of mouth. Primary inclusion criterion was that
the subjects were experiencing at least one symptom
associated with chronic low cardiac output or the fluid
pooling arising due to insufficient venous return (swollen
feet/ankles, nighttime leg cramps, chronically cold
hand/feet, chronic fatigue, dizziness, or subjective
cognitive impairment).

Exclusion criteria were having a cardiac pacemaker
(precluding CO assessment by electrical impedance
plethysmography), a diastolic blood pressure above
80mmHg, a cardiac index below 1.8 L/min/m?2 (indicator
of potential heart failure), inability to stand without
assistance, inability to utilize the study intervention for at
least one hour per day, or unable to return for follow-up
assessments on a monthly basis for six months.

Recruited subjects were asked to report their medication
schedule, specifically focusing on medications which
would affect, either directly or indirectly, cardiovascular
function. Subjects were not excluded from the study
based on medication usage. Subjects were requested to
initiate Vitamin D supplementation if they were not
already supplementing their diet, as Vitamin D is a known
mediator of muscle fiber regeneration.23

ASSESSMENTS

Cardiovascular hemodynamics were assessed using the
Cheetah Non-Invasive Cardiac Output Monitor (NICOM;
Baxter, Inc. Vancouver, WA). NICOM provides beat-to-
beat assessment of stroke volume and heart rate by
electrical impedance plethysmography, with averaged
cardiac output assessments reported every 30 seconds,
along with cardiac index (cardiac output divided by
body surface area). NICOM also provides brachial
blood pressure measurements every three minutes.
Impedance plethysmography was completed with the
stimulation and recording electrodes attached to the
upper and lower back of the subjects, with the subjects
transitioning from a standing to a seated position at the
start of the recording period. Subjects were seated in an
electrically powered armchair permitting adjustment to
ensure the subjects feet were firmly positioned on the
floor. Neuro-modulation intervention was not utilized
during the recording period. Cardiovascular
hemodynamics were monitored for 30 minutes. Subjects
were asked to minimize speaking and movement during
the recording period.

Pilot study data demonstrated a coefficient of variation
for the cardiac output measurements of about 10%, and
correspondingly, power calculations for 95% confidence
and an allowable error of 5% indicated that a minimum
of 16 subjects would need to complete the study.
Assuming a non-completion rate of 50%, we focused on
recruiting at least 30 subjects.

Soleus muscle fatigue strength was assessed using the
standard one-legged standing heel raise test on a 10°
wedge. Subjects were allowed to use their fingertips to
balance themselves on a wall while completing the heel
raises. The assessment involved a one-second heel raise
(concentric  contraction), a brief pause (isometric
contraction), and a one second lowering (eccentric
contraction) phase, resulting in a cycle time of about 2
seconds. Heel raise cycles were continued to exhaustion,
with the assessment completed for both legs. Average of
left and right leg were utilized in the analysis. If injury
prevented testing of both legs, results from a single leg
were used in the data analysis.

INTERVENTION

Following screening and acceptance into the study,
subjects were provided with an intervention device to be
used in the home or workplace per subject preference.
The intervention device (HeartPartner; Sonostics, Inc.,
Endicott, NY) provided a 45 Hz, 100 pum mechanical
displacement to the frontal plantar surface of the foot,
sufficient to activate the Meissner’s Corpuscles, initiating
a reflex response resulting in contraction of the soleus
muscles (see Mcleod, 2024 for a detailed description).
The device induces periodic contractions to ensure
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sufficient time for the soleus muscles to refill with blood
and lymphatic fluid between muscle contractions. Subjects
were provided with an electronic power monitor to track
device usage over the study period, with subjects
returning the monitor at each monthly follow-up visit so
that average usage time could be recorded.

PROCEDURES

After obtaining Informed consent, self-reported age,
weight, height, gender, ethnicity, and educational level
were collected from each subject, along with a brief
health history to identify any health complications
commonly associated with lower limb fluid pooling, low
cardiac output, or hypotension. In addition, subjects were
asked to report any medication for hypertension or which
could indirectly influence the cardiovascular system
through diuretic effects.24 Cardiac output, blood pressure,
heart rate, and cardiac index, were assessed over the
course of 30 minutes with the subject seated quietly. The
penultimate DBP recording obtained was used to define
resting DBP. The last three minutes of cardiac index
recordings were averaged to define the resting cardiac
index level. Soleus fatigue strength was assessed with the
subjects wearing rubber-soled shoes. Subjects returned
each month for follow-up assessments over the course of
six months.

Analysis of the relationships between age, soleus fatigue
strength, resting cardiac index, and resting diastolic
blood pressure, included all subjects screened for the
study. Analysis of the effects of intervention were
undertaken on the subjects completing the study protocol.
All statistical analyses were performed using Origin
2024b (Origin Labs, Northhampton, MA). Single and
multiple linear regression analyses were utilized to
determine time rate of change of the physiologic
measures as well as for determining relationships
between measured outcome variables and demographic
parameters. Missing data points were not imputed. p
values < 0.05 were interpreted as reflecting significant
change.

Results

Thirty-two older adults were selected for recruitment into
the study. All recruited subjects were from the Southern
Tier region of New York, and were predominantly of
European ethnicity. Of the 32 subjects, six did not
complete the protocol due to relocation, health issues
unrelated to the study, or time conflicts precluding follow-
up appointments, and the data for one subject was not
included in the intervention analyses as they had been
inadvertently enrolled with an initial resting diastolic
blood pressure of 84mmHg. No adverse effects
associated with use of the intervention were reported.
Eleven men and fourteen women completed the study per
protocol. Subject age spanned 65-92 (mean 75.7%+ 7.1)
years. The majority of subjects reported at least one
cognitive health concern such as memory loss or difficulty
concentrating. In addition, dizziness, cold extremities,
chronic fatigue, chronic pain, nighttime leg cramps, and
swollen lower extremities, were commonly reported.
Fourteen of the twenty-five subjects completing the study
protocol reported taking medications which influence the
cardiovascular system either directly (i.e. hypertension
medications) or indirectly (medications with diuretic
effects).

Soleus muscle fatigue strength of the recruited individuals
(N=32; Figure 1) ranged from zero (two subjects) to 27.5
(one subject) one-legged standing heel raises, with an
average of 9.2. Age was a significant (p=0.04) predictor
of soleus muscle fatigue strength, with fatigue strength
declining at a rate of 0.33 heel raises per year of age,
such that fatigue strength declined from an average of
13 heel raises at age 65 to an average of 5 heel raises
at age 90 years. Stepwise elimination multiple regression
analysis of soleus fatigue strength against age, weight,
height, gender, and education, demonstrated that age
was the only significant predictor of soleus fatigue
strength.
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Figure 1. Soleus fatigue strength obtained from screened subjects. Fatigue strength assessed by slow, one-legged standing
heel raises executed to exhaustion. On average, screened subjects could complete 9.2 heel raises. Fatigue strength declined
significantly as a function of subject age at a rate of 0.33 heel raises per year of age.
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Cardiac index (CI) levels in the recruited population
ranged from 1.8 to 3.4 L/min/m?2, with an average of
2.4710.35 L/min/m2. Multiple linear regression analysis
of Cl against age, body mass, body height, gender and
education showed that only soleus fatigue strength was a
significant (p=0.004) predictor of Cl with a regression

3.6 T T T T T

coefficient of 0.024 (S.E. 0.008) L/min/m2/Heel raise
(Figure 2). Correspondingly, over the range of soleus
fatigue strengths observed among the recruited
individuals (i.e. 0-30), Cl increased, on average,
approximately 36%, from 2.2 L/min/m2 to about 3.0
L/min/m2.
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Figure 2. Cardiac index in subjects recruited into the study was linearly related to soleus fatigue strength (p=0.004). The
average cardiac index of 2.47 L/min/m?2 is approximately 70% of the cardiac index of a healthy 20 year old adult.

Initial resting diastolic blood pressure (DBP) of recruited
individuals ranged from 55mmHg to 84mmHg, with an

average of 67.817.7mmHg. Resting DBP was
significantly correlated to resting cardiac index
(regression  coefficient of 9.69 (S.E. 3.75)

mmHg/L/min/m2; p=0.01; Figure 3). Following 30
minutes of quiet sitting, seven recruited individuals had a
resting diastolic pressure of 60mmHg or less, a level

commonly defined as clinically hypotensive. The one
recrvited subject with a resting DBP over 80mmHg also
had the highest resting Cl level among the recruited
subjects. Stepwise elimination multiple linear regression
analysis of resting DBP against age, body height, body
weight, gender, education, soleus fatigue strength, and
cardiac index, demonstrated that cardiac index was the
only significant predictor of DBP.
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Figure 3. Average resting diastolic blood pressure obtained after 30 minutes of quiet sitting in subjects recruited for the study,
was less than 68mmHg and was linearly related to cardiac index (p=0.01). One, inadvertently recruited, subject had a
diastolic pressure in the optimal range (>80mmHg) while seven subjects had resting diastolic pressures in the clinically

hypotensive range.

© 2026 European Society of Medicine



Univariate regression analysis of DBP against Cl
indicated that for older adults, a Cl of 3-4 L/min/m?
would be necessary, on average, to support a resting
DBP of 80mmHg. Correspondingly, per the data
presented in Figure 2, to achieve a Cl of 3-4 L/min/m?2
would require, on average, that the subjects be capable
of completing at least 30 one-legged standing heel
raises.

All subjects participating in the study utilized the
intervention device in their home, usually while watching
television. Several subjects were employed and used

their device at their workplace as well. Seven of the
enrolled subjects opted not to use the electronic power
monitor, and so device usage times were available for
only 19 subjects. Averaged over the six-month study
duration, device usage time ranged from 0.95 hours/day
to 5.34 hours per day, with an average of 3.07 (+1.30)
hours per day (Figure 4). Exit interviews with the subjects
indicated typical usage patterns in the home involved 1-
1.5 hours in the morning and 1-1.5 hours in the evening.
Subjects using the device at work had the greatest daily
usage times, often using the device throughout much of
the workday.

30 ——————
2287 N=18
© 26 Slope=2.96
W24 R2=039
=22 p=0.005

Change in Soleus Fatigue Strength
e
>

Device Use (Hours/day)

Figure 4. Neuro-modulation of the plantar nerve effectively rehabilitated the soleus muscles with soleus fatigue strength
increasing by almost three one-legged standing heel raises for each additional hour the infervention was used on a daily
basis. For the average daily intervention time (3.1 hours/day) soleus fatigue strength increased by 12 heel raises over the

course of the study.

Subjects completing the study all experienced an increase
in soleus muscle fatigue strength, with fatigue strength
improvements ranging from 4 to 28 heel raises over the
six month study period. Average soleus fatigue strength
increased  with increased device usage time
(coefficient=2.96; p=0.005). One hour per day of
device usage was associated, on average, with a 6 count
improvement in number of heel raises over six months,
while those using the device for 5 hours/day achieved,
on average, an 18 count increase in number of heel raises
completed during an assessment. Average rate of
increase was 1.9 heel raises per month, so for the
average starting soleus fatigue strength of 9.2 heel
raises, about 12 months of intervention would be required
to achieve the minimum of 30 heel raises estimated to be
necessary to support a cardiac index of 3-4 L/min/m?
and a DBP of 80mmHg. The change in soleus strength
intercept was not significantly different from zero,
consistent with learning effects being a non-significant
contributor to this assessment.

Cardiac index (Cl) increased in each subject over the
course of the study (Figure 5), with Cl increase ranging
from less than 0.1 L/min/m2? to over 0.8 L/min/m?2
(average of 0.39 L/min/m?2). The average change in Cl
was significantly related to the change in soleus fatigue
strength (regression coefficient of 0.016 L/min/m?2;
p=0.02). The Cl intercept of 0.22 L/min/m2 (p = 0.01)
indicates that the Cl increase was the result of one or
more additional factors beyond improvement in soleus
fatigue strength. Multiple regression analysis identified
no significant demographic factor capable of explaining
the increase in Cl in the absence of increased soleus
fatigue strength, and learning effects were not
considered a plausible explanation for this non-zero
intercept. Average rate of Cl increase was 0.064
L/min/m2/month indicating that about 13 months of
intervention would be required to increase average
cardiac index from the initial level of 2.2 L/min/m2 to a
level of 3 L/min/m2 or higher.
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Figure 5. Increased soleus fatigue strength led to increased cardiac index in every subject. Further, a significant linear
relationship was observed between magnitude of change in soleus fatigue strength and magnitude of change in cardiac index.
The average increase in cardiac index for the study group (0.39 L/min/m?2) represents a 25% improvement in cardiac output

over the six month intervention period.

Average DBP levels increased significantly in response to
increased Cl (16.1 mmHg/L/min/m2; N = 25; p = 0.002)
(Figure 6). However, declines in DBP over the six month
study period were observed in seven subjects. Medication
review showed that of the subjects experiencing declines
in DBP, six were taking medications which directly, or
indirectly, affect the cardiovascular system (CVS).
Separating the DBP response into subgroups reflecting
those taking hypertension medication, or other

medications known to influence the CVS, and those not
taking such medications, identified two distinct responses.
Those subjects not taking CVS affecting medications
demonstrated a robust linear response to changes in Cl,
with DBP rising 17mmHg for each 1L/min/m? increase in
Cl (p=0.004), with an intercept not significantly different
from zero. Conversely, subjects taking CVS affecting
medication showed no improvement in average DBP, and
no change in DBP relative to changes in Cl.

N
(61
1

B Taking HTN medications
® Not taking HTN medications °

mHg)
S

over Six Months (m
o

-10 4

Change in Diastolic Blood Pressure

N =11 No Meds ]
Slope =17.0
R2=0.61

p =0.004 ]
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Figure 6. Non-medicated subjects experienced a robust increase in DBP closely tracking the improvement in their cardiac
index (R2 = 0.61; p=0.004). However, in subjects taking medications influencing the cardiovascular system, DBP did not

respond to increased cardiac index.

Analysis of temporal trend data illustrates the magnitude
of DBP change achieved through neuro-rehabilitation of
the soleus muscles. DBP in the non-medicated subgroup
increased at a rate of 1.27 mmHg per month (p = 0.001;
Figure 7). Starting at an average of about 63mmHg,
average DBP for this group increased to over 71 mmHg

over the six month study period. Extrapolating over time,
this rate of increase suggests that 14 months of
intervention would be required to restore DBP into the
optimal range (>80mmHg) presuming soleus muscle
function and cardiac output continued to improve at the
rate observed during the first six months of intervention.
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The medicated subgroup started at a slightly higher
average DBP level (67mmHg), but DBP in this subgroup
did not change over the course of the study. Similarly,
average systolic blood pressure did not change

74 T T T

significantly over the course of the study, declining from
a starting point of 121mmHg to 118mmHg (average =
119+3.5 mmHg) over the six month study period (data
not shown).
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Figure 7. In the non-medicated subgroup (N=11), average diastolic pressure increased from 63.5 mmHg to 71.5 in six
months. At this rate of improvement, approximately 14 months of intervention would be necessary to restore DBP to a level
above 80mmHg where morbidity and all-cause mortality are minimized in the older adult population.

Discussion

Low resting diastolic blood pressure (DBP) remains a
commonly occurring, yet poorly understood, aspect of
aging even though it is associated with a wide range of
severe health complications in older adults, up to and
including increased risk of all-cause mortality. As a major
goal of healthcare is to increase quality adjusted life
years of the population, understanding and preventing
the age related decline in DBP has potential to
significantly improve the healthcare of older adults.

Here, we have addressed the question of whether a
principal cause of low DBP in older adults is soleus muscle
atrophy. Soleus atrophy arises from disuse, and results in
reduced venous return, and as a direct consequence,
reduced cardiac output. Chronically low cardiac output
can lead to declining blood pressure in older adults,
particularly during quiet upright posture, limiting the
blood perfusion necessary to prevent tissue and organ
failure. The results obtained here lend substantial support
to this hypothesis.

In our older adult subject group, average soleus fatigue
strength (9.2 one-legged standing heel raises) was
remarkably similar to values reported by others. For
example, Whyte, et al.24 observed that healthy 65-80
year olds could complete an average of 9.5 slow heel
raises. In comparison, Hebert-Losier?5 reported that 20-
year-olds could complete an average of 30 (women) and
37 (men) heel raises before exhaustion, suggesting a
four-fold decrease in soleus muscle fatigue strength
occurring over the adult life span. We observed a
significant, 0.33 heel raises/year decline in soleus fatigue
strength, with the average at age 90 years being less
than 5 heel raises. Extrapolating back in fime predicts
that a 20 year old would have a soleus fatigue strength
of about 28 heel raises, similar to the values reported by

Hebert-Losier. This seems to indicate that the decline in
soleus fatigue strength continues at roughly a constant
rate from age 20 onward. This observation is consistent
with the rapid decline in vigorous physical activity levels
which has been shown to begin in young adulthood.?”

Average initial cardiac index in our study population (2.2
L/min/m2) was on the low end of normative values for
healthy older adults (2.1-3.2 L/min/m2).28 However, our
cardiac index recordings were obtained in an upright
seated position, and our subjects were specifically
selected based on having at least one health symptom
related to lower body fluid pooling, low resting cardiac
output, or low blood pressure. A relatively low average
cardiac index, therefore, would be expected. Cardiac
index was found to be strongly correlated to soleus
fatigue strength (p=0.004) consistent with the fact that
cardiac output is critically dependent on venous return,
and soleus muscle pumping is essential for maintaining
venous retfurn in quiet upright posture.

A study exclusion criterion was having a resting diastolic
blood pressure (DBP) above 80mmHg, But, only one
recruited subject had to be excluded on this basis. If this
study population is at all representative of the older
adult demographic, the vast majority of those aged 65
years and older would appear to living with below
optimal diastolic blood pressure (DBP). Further, seven of
the 32 screened subjects had a resting DBP below
60mmHg; a level considered to be clinically hypotensive.
This leads us to suggest that 20% or more of the older
adult population may be at greatly increased acute risks
of falls and injury due to having clinical hypotension, in
addition to being at risk of the longer term health
consequences associated with chronically low DBP.
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The correlation between DBP and cardiac index indicates
that a cardiac index in the 3-4 L/min/m2 range is
necessary to maintain a DBP of 80mmHg in older adults.
That this is the typical cardiac index of a young adult
adds confirmation to the validity of this estimate. As well,
these values indicate that the relationship between
cardiac index and diastolic blood pressure does not
change substantially over the adult life span. In addition,
the relationship we observed between soleus fatigue
strength and cardiac index leads us to estimate that the
ability to complete 30, or more, one-legged standing
heel raises is necessary to support a cardiac output of 3
L/min/m2. This is also remarkably consistent with the fact
that young adults, who typically maintain a cardiac index
in the range of 3.5 L/min/m2 have an average soleus
fatigue strength in the 30-37 heel raise range.

Daily neuro-modulation of the plantar nerves resulted in
a dose-dependent rehabilitation of the soleus muscles,
and correspondingly, improved soleus muscle function
resulted in significantly increased resting cardiac output.
Regression analysis on these data indicate a non-zero
intercept, such that in the case of no improvement in soleus
fatigue strength, cardiac output appeared to increase
significantly, by 0.22 L/min/m2. We interpret this
outcome to be a reflection of the fact that daily soleus
muscle activation, leading to increased venous return for
several hours per day, was sufficient to significantly
improve cardiac ejection fraction through the Frank-
Starling mechanism. Forced increases in venous return, for
example through sequential pneumatic compression, has
previously been shown to improve ejection fraction over
time and it is possible that this same phenomenon has
occurred in our study.2?

Consistent with our working hypothesis, initial resting DBP
in the non-medicated subgroup was significantly
correlated with resting cardiac index levels, and similar
to cardiac index and soleus fatigue strength, DBP
demonstrated a continuous increase over time. In
addition, the temporal relationships between these three
parameters were remarkably consistent. That is, we
estimate it would require about 12 months of intervention
for the average study subject to achieve a soleus fatigue
strength permitting 30 or more heel raises in a single
bout. Similarly, the time to achieve a 3 L/min/m?2 cardiac
index was estimated to be about 13 months, and the time
to achieve a resting DBP of 80mmHg was estimated at
about 14 months. This pattern of recovery times supports
the causal mechanism we have hypothesized, and as well,
suggests the presence of only a short physiologic delay
time in the adaptation processes as the body adjusts to
the changes initiated by neuro-rehabilitation of the soleus
muscles.

The large suppressive effect of hypertension medications,
and other medications which affect body hydration, on
DBP was not anticipated. While the objective of
hypertension therapy is to reduce blood pressure, we did
not expect the ability of such medications to prevent any
rise in DBP in the presence of significant increases in
cardiac output, without a change in medication dosage.
Inhibiting the change in blood pressure means that
vascular resistance must have dropped in direct
proportion to the increase in cardiac output. Over 250

medications are known to lead to hypotension, commonly
through reduction in body hydration. This can occur as a
result of increased urine volume, increased sweat
production, decreased thirst sensation, decreased
appetite, or combinations of these outcomes due to
polypharmacy.30 While we only asked our subjects about
the use of cardiovascular and anxiety/depression
medications, several did provide us with their complete
medication list and we found that these subjects were
taking 12 or more medications and supplements daily, so
polypharmacy effects are a possibility.

That many medications reduce body hydration provides
a possible explanation for the decrease in vascular
resistance which occurred in direct proportion to the
increase in cardiac output in the medicated subjects. With
the shift of fluid from lower body soft tissues into the
vascular system, due to increased skeletal muscle
pumping, interstitial fissue pressures would drop.
Decreased hydrostatic tissue pressure would permit
passive expansion of the arterioles and capillary beds in
the lower body, significant contributors to vascular
resistance. This vasodilatory effect would be expected to
track the increase in venous return, and correspondingly,
cardiac output, particularly in those in a dehydrated
state.

Limitations of this study include the relatively small sample
size, in particular after the study group was separated
into the medicated and non-medicated subgroups.
Nonetheless, regression coefficients for many of the
critical relationships (e.g. DBP vs cardiac index; DBP vs
time) are relatively robust. In addition, the medication
regimen for each subject was self-reported and so
possibly inaccurate. Requiring subjects to bring in all of
their medications when enrolling in such a study would
likely be worthwhile to reduce reporting errors. Finally,
the six-month study duration was relatively short. While
the duration permitted testing of our underlying
hypothesis, a longer study would have permitted
addressing additional sub-hypotheses such as whether
medicated subjects experience the benefits of soleus
rehabilitation, but with a slower recovery rate. Features
of this study include the repeated measures design, which
allowed each subject to serve as their own control,
thereby improving sensitivity, and the use of monthly
follow-up assessments, which permitted more accurate
determination of the physiologic changes over time
despite the presence of large natural variations.

Conclusions

In summary, soleus muscle pumping plays a critical role in
maintaining resting cardiac output in older adults, and
correspondingly, diastolic blood pressure (DBP).
However, soleus fatigue strength declines throughout
adulthood, leading to declines in both cardiac output and
DBP in a large fraction of the older adult population.
Plantar nerve modulation is capable of rejuvenating the
soleus muscles, resulting in full rehabilitation in an
estimated 12 months. Soleus rehabilitation leads directly
to a sustained increase in resting cardiac output, and in
DBP, at least in those individuals not taking hypertension
medications, or other medications with diuretic action.
Returning DBP to an optimal level (80-90mmHg) in the
older adult is estimated to require just over one year of
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neuro-rehabilitation therapy. Neuro-rehabilitation of the
soleus, combined with limiting, whenever possible,
medications, or polypharmacy, which can dehydrate the
older patient, could become a convenient and effective
strategy for eliminating chronic diastolic hypotension in
older adults, and result in substantially reduced morbidity
and mortality in this population.
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