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Abstract

Trauma to the spinal cord often results not only in sensorimotor but also autonomic impairments. The loss of autonomic
control over the cardiovascular system can cause profound blood pressure (BP) derangements in subjects with spinal cord
injury (SCI) and may therefore lead to increased cardiovascular disease (CVD) risk in this population. The use of
ambulatory blood pressure monitoring (ABPM) allows insights into circadian BP profiles, which have been shown to be of
good prognostic value for cardiovascular morbidity and mortality in able-bodied subjects. Past studies in SCI subjects
using ABPM have shown that alterations in circadian BP patterns are dependent on the spinal lesion level. Tetraplegic
subjects with sensorimotor complete lesions have a decreased daytime arterial BP, loss of the physiological nocturnal BP
dip, and higher circadian BP variability, including potentially life-threatening hypertensive episodes known as autonomic
dysreflexia (AD), compared with paraplegic and able-bodied subjects. The proposed underlying mechanisms of these
adverse BP alterations mainly are attributed to a lost or decreased central drive to sympathetic spinal preganglionic
neurons controlling the heart and blood vessels. In addition, several maladaptive anatomical changes within the spinal cord
and the periphery, as well as the general decrease of physical daily activity in SCI subjects, account for adverse BP
changes.

ABPM enables the identification of adverse BP profiles and the associated increased risk for CVD in SCI subjects.
Concurrently, it also might provide a useful clinical tool to monitor improvements of AD and lost nocturnal dip after
appropriate treatments in the SCI population.
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Introduction

ORE THAN THREE DECADES AGO, Millar-Craig and colleagues

first described the patterns of circadian variation of arterial
blood pressure (BP) using invasive intra-arterial monitoring." This
technology allowed continuous long-term BP monitoring and
provided insights into circadian BP changes. Circadian rhythmicity
of BP is characterized by substantial reductions during sleep called
a nocturnal dip, a rapid rise upon awakening, and increased vari-
ability during daytime in able-bodied, normotensive subjects. The
timing and amplitude of these BP fluctuations are influenced by
intrinsic factors, such as neurohormonal regulation (autonomic
nervous system and renin-angiotensin-aldosterone system), but
also extrinsic factors, such as physical activity, emotional state,2
smoking, and/or alcohol consumption.’

With the technological progress to fully automated, non-
invasive ambulatory BP monitoring (ABPM), arterial BP nowadays
can be non-invasively and continuously assessed at pre-determined
intervals over 24 h or longer. Circadian BP changes assessed by

ABPM extensively have been studied in many different patient
populations, such as in diabetes and chronic kidney disease, and are
a valuable tool in the management of hypertensive patients. In
addition to the assessment of hypertension, autonomic neuropathy,
syncope, hypotension, and the effect of antihypertensive drugs can
be evaluated by a circadian BP assessment.*> In the field of hy-
pertension, the use of ABPM has demonstrated a number of pat-
terns of BP responses in different time windows, such as the
daytime, nocturnal and morning window, that may be relevant for
clinical practice.® Some examples of BP patterns are the following:
1) white-coat hypertension, which is present in most hypertensive
patients and can lead to unnecessary prescription of medication’; 2)
systo-diastolic hypertension as the most common daytime BP
pattern; and 3) nocturnal dipping or non-dipping.

In general, ABPM as an out-of-office non-invasive means of BP
monitoring has been shown to be superior to discrete clinic BP
monitoring with respect to its prognostic value of cardiovascular
morbidity and mortality.”"'® However, the control of BP might be
particularly relevant in certain periods of the 24-h profile, such as in
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the nocturnal and morning windows.>'! Much of the added benefit
of ABPM stems from the ability to measure nocturnal BP and there
is compelling evidence suggesting that nocturnal BP is the most
sensitive predictor of cardiovascular disease (CVD) outcomes, and
thus nocturnal BP measurement is becoming an important part of
clinical practice.'>™'® The diminution or absence of nocturnal re-
ductions in BP are associated with increased incidence of stroke,!”
congestive heart failure,'® and cardiovascular morbidity in able-
bodied subjects.'®

A plethora of studies related to abnormal fluctuations in circa-
dian BP focus on hypertensive patients with different etiologies.
However, since the autonomic nervous system plays a crucial role
in BP regulation, subjects with spinal cord injury (SCI) also are
prone to develop various adverse pathological BP alterations.*® In
addition, CVD has been proposed as the leading cause of morbidity
and mortality in the SCI population®’* and fluctuations in circa-
dian BP might contribute to vascular injury resulting in greater risk
for arterial disease in subjects with SCL.** Accordingly, this review
aims firstly to summarize normal BP control and secondly to de-
scribe the use of ABPM to assess alterations in BP patterns and the
clinical consequences following SCI.

Normal Blood Pressure Regulation

It is relevant to first address the normal physiology of BP control
in order to understand alterations occurring after SCI. Mean arterial
BP is determined by the product of cardiac output and total pe-
ripheral resistance. These two fundamental components are related
to cardiac, blood vessel, and blood volume control and influenced
by many physiological systems. For example, pressure in the ar-
terial system is regulated on a beat-to-beat basis by the autonomic
nervous system, whereas long-term adaptations are controlled by
hormones that act on the kidney (renin—angiotensin-aldosterone
system.”

Cardiovascular autonomic control

Cardiovascular function is largely controlled by the autonomic
nervous system. The sympathetic and the parasympathetic nervous
system constitute the autonomic nervous system and they are co-
ordinated by supraspinal centers, such as the cerebral cortex, hy-
pothalamus and brainstem (see Fig. 1). Both, the parasympathetic
and the sympathetic systems show similar organization insofar as
preganglionic and postganglionic spinal neurons are interposed
between the supraspinal centers and the target organs. However,
not all target organs are innervated by both systems.

The heart has dual innervation: parasympathetic through cho-
linergic agonists from the vagal nerve (cranial nerve X) and sym-
pathetic through predominantly adrenergic f5-1 receptor activation
from the upper thoracic segments of the spinal cord (T1-T5; see
Fig. 1). In contrast, most blood vessels have only sympathetic in-
nervation, except the blood vessels of the penile and clitoral cav-
ernous tissue which receive only parasympathetic innervation.*®
Blood vessels in the upper portion of the body receive sympathetic
innervation from the T1 to TS5 spinal sympathetic neurons, while
the major vasculature beds in the splanchnic region and lower ex-
tremities are under the control of the more caudal T6-L2 sympa-
thetic preganglionic neurons (SPNs; see Fig. 1). The vessels
supplying the splanchnic vasculature bed, and particularly the gut,
are most important in cardiovascular control. The densely inner-
vated and highly compliant splanchnic vasculature bed is the pri-
mary capacitance bed in the human body since it contains
approximately one-fourth of the total blood volume at rest.

HUBLI AND KRASSIOUKOV

The dual innervation of the heart and the segmental differences
in sympathetic innervation to a variety of vascular beds are par-
ticularly important for the understanding of BP and HR control, as
well as changes in cardiovascular function following cervical, mid-
thoracic, or lower thoracic SCL?’

The mechanisms that constitute the feedback and reflex control
of BP are complex and have been extensively studied and charac-
terized. Effective short-term control of BP changes is mediated by
baro- and chemoreflexes.”® The cardiovascular centers in the me-
dulla oblongata are not only activated through baro- and chemor-
eflex loops but also through the limbic system and hypothalamus in
response to emotional or psychological stress.?

Other factors influencing BP, which are not further discussed in
this review, can either raise BP (e.g., catecholamines, such as
epinephrine and norepinephrine, and nicotine) or lower BP (e.g.,
atrial natriuretic peptide, nitric oxide, and alcohol).

Circadian blood pressure variation

Cardiovascular functions, including BP, show diurnal oscillation
that is under control of biological clocks.*® Arterial BP of normo-
tensive able-bodied people shows a peak in the early morning hours
and a trough during sleep, which is called a dipper pattern. The
sympathetic nervous system is the main contributor to circadian BP
oscillations. It remains quiescent during sleep but in the early
morning, BP naturally rises sharply in response to activation of the
sympathetic nervous system.”' This early morning surge is associated
with hemodynamic and neurohormonal changes, including increases
in epinephrine levels, renin and aldosterone levels, HR, vascular tone
and blood viscosity, and decreases in vagal activity.*>=° The sub-
sequent daily BP rises are rather controlled by direct sympathetic
neural input to the heart (from T1-T5 spinal level) and vasculature
(T1-T5 for upper body, T6-L2 for lower body) due to increased
physical activity and postural changes than by endogenous increase
in plasma catecholamines.>® Physical activity has been shown to be
the major factor influencing BP during the day.>”-*®

Since a SCI can lead to profound alterations in autonomic con-
trol and might force affected subjects to less physical activity due to
paralysis, this devastating condition affects circadian BP control.

Ambulatory Blood Pressure Monitoring following SCI

A SCI diminishes autonomic neural control over cardiovascular
function with the most dramatic effects on BP control when the
injury occurs above the sixth thoracic segment (T6).>° These high-
level injuries eliminate descending autonomic control over the
significant portion of the spinal cord that governs the splanchnic
vascular bed and lower limb blood vessels that are crucial in reg-
ulating BP (see Fig. 1).

The next sections emphasize studies on ABPM as a tool to in-
vestigate perturbances of cardiovascular homeostasis after SCI. In
general, ABPM following SCI has been used to provide three types
of information which are of potential interest in the clinical field: 1)
the mean systolic and diastolic arterial BP level; 2) the circadian BP
pattern; and 3) BP variability. In the field of SCI research, so far
eleven studies have used ABPM to investigate BP behavior in
tetraplegic and paraplegic subjects.

Changes in baseline blood pressure

Baseline BP is calculated as either daytime, nighttime, or the
whole 24-hour period BP. Daytime mean systolic, diastolic, and
arterial pressure are lower in tetraplegic, compared with paraple-

gic*®*? and able-bodied subjects.** In contrast, nighttime values of
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Autonomic control of cardiovascular systems. Various nuclei within the medulla oblongata coordinate cardiovascular control

and are under control of the cerebral cortex and the hypothalamus. Descending sympathetic projections provide tonic control to spinal
sympathetic pre-ganglionic neurons (SPNs) located within the lateral horn of spinal segments T1-L2. Axons of SPNs exit the spinal cord
via the ventral root and synapse with post-ganglionic neurons located in the paravertebral ganglia. The post-ganglionic fibers then synapse
directly with smooth muscle in the heart and blood vessels. Parasympathetic pre-ganglionic fibers exit the brainstem via the vagus nerve
and synapse with post-ganglionic parasympathetic neurons in the cardiac ganglia. Figure adapted with permission from Krassioukov.*

those parameters do not differ in tetraplegic, paraplegic, and able-
bodied subjects. The drastic decrease in mean systolic BP (SBP)
during daytime in tetraplegic subjects is distinct enough that the
mean SBP over the whole 24-hour period is also decreased in tet-
raplegic versus paraplegic and able-bodied subjects (for values see
Table 1).*

The lower daytime BP levels in tetraplegic subjects (see Fig. 2)
are mainly attributed to two factors: 1) loss or reduced central
sympathetic drive to the spinal sympathetic circuits resulting in
decreased peripheral sympathetic neuronal activity and 2) lower
daily physical activity level due to distinct paralysis.*' Additional
baroreceptor reflex dysfunction due to interruption of its sympa-
thetic efferent arch has also been suggested to contribute to the
generally low baseline BP level in complete tetraplegic subjects.*®

In the able-bodied population, such a pronounced chronic hy-
potension has been related to higher incidence of depression and
fatigue,** reduced cognitive performance,** and lower self-

reported general and social well-being.*”*3

Circadian changes in blood pressure after SCI

Since daytime resting BP is significantly reduced in tetraplegic
subjects but nighttime BP is comparable to paraplegic and able-
bodied subjects, the circadian BP rhythm is altered in that tetra-
plegic subjects show a loss of nocturnal dip (see Table 1 and
Fig. 3).*'7*349% The level of lesion plays a major role in the
preservation of circadian rhythm: SCI subjects with either low
thoracic (T6-T12)*'** or high thoracic lesions (T2-T5)*? show a
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TABLE 1. COMPARISON BETWEEN DAYTIME SBP, NIGHTTIME SBP AND NOCTURNAL DiP BY LESION LEVEL

Level of Daytime SBP  Nighttime SBP  Nocturnal
Subjects lesion N AIS (mm Hg) (mm Hg) dip (%) ABPM device
Seabra-Garcez (2012)  tetra/para C4-T12 32 AB 109+ 1 1071 2 SpaceLabs 90207
Rosado-Rivera (2011)  tetra C4-C8 20 AB,C,D 103£12 106+ 10 -3 SpaceLabs 90207
high para T2-T5 10 AB 1157 108+11 6
low para T7-T12 9 A 114+16 102+11 10
able-bodied 10 119+£8 107+£8 10
Frisbie (2007) tetra C5-C7 10 A 124£21 125+16 -1 SpaceLabs 90207
low para T8-T10 5 A 151+16 133£8 12
Munakata (1997) tetra C4-C7 10 A 110+3 111t6 -1 T™M 2425
low para T6-T12 9 A 1275 11443 10
able-bodied 16 12312 105+2 15
Nitsche (1996) tetra C4-C7 11 110£9 114£9 -4 SpaceLabs 90207
Curt (1997) tetra C2-C8 13 B,CD 11813 109+8 8
low para T6-L4 9 A 118+12 106+13 10
Krum (1991) tetra 10 118+7 116+6 2 SpaceLabs 90207
able-bodied 10 1263 114£3 10

Data is presented as group mean + standard deviation. Nocturnal dip was calculated as (SBPnighttime — SBPdaytime)/SBPdaytime x 100.*?
SBP, systolic blood pressure; AIS, American Spinal Injury Association Impairment Scale; ABPM, ambulatory blood pressure monitoring; tetra,

tretraplegic; para, paraplegic; C, cervical; L, lumbar; T, thoracic.

preserved nocturnal dip, compared with SCI subjects with cervical
lesions (C4-C8; see Table 1).

This indicates that the autonomic supraspinal control over the
whole pool of the spinal sympathetic neurons (T1-L2) is required
to maintain a circadian BP rhythm in humans. In addition, these
findings are in line with the idea that the physiological early
morning surge observed in healthy subjects is mediated by the
sympathetic nervous system.

Next to the level of lesion, the severity of lesion also affects the
circadian BP pattern. Curt and colleagues showed that only subjects
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FIG. 2. Differences in daytime and nighttime systolic blood
pressure (SBP) between three groups: tetraplegia (C4-C8, Amer-
ican Spinal Injury Association Impairment Scale [AIS] A, n=51),
paraplegia (T6-L4, AIS A, n=32), and able-bodied subjects
(n=36). Mean +standard deviation of SBP was calculated from
values of sensorimotor complete SCI and able-bodied subjects
from studies presented in Table 1.

with sensorimotor complete (American Spinal Injury Association
Impairment Scale-AIS A)>° tetraplegia presented a loss of circadian
rhythm, while subjects with sensory incomplete (AIS B, C, D)
tetraplegia showed a preserved nocturnal dip.>!

The AIS represents sensorimotor impairments after SCI but does
not allow any conclusion about the completeness of the autonomic
nervous system, which plays a major role in BP control as stated
above.”® Therefore, the standard neurological classification of SCI
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FIG. 3. Nocturnal dip differences of systolic blood pressure
among tetraplegic (C4-C8, American Spinal Injury Association
Impairment Scale [AIS] A, n=51), paraplegic (T6-L4, AIS A,
n=32), and able-bodied subjects (n=36). Values are shown in
mean + standard deviation. Nocturnal dip was calculated as (sys-
tolic blood pressure [SBP] nighttime — SBP daytime)/SBP day-
time x 100** from values of sensorimotor complete (AIS A) SCI
and able-bodied subjects of studies presented in Table 1. Sig-
nificant differences in nocturnal SBP dip were found between
tetraplegic and paraplegic subjects (p=0.02), and tetraplegic and
able-bodied subjects (p=0.03; Mann-Whitney U test).
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has recently been updated and provided with International Stan-
dards to document remaining autonomic function after SCL.>® Only
one study so far has focused on autonomic completeness and the
influence on circadian BP pattern, which reported that 70% of SCI
subjects with autonomically complete lesions (i.e., lack of sym-
pathetic skin responses) have lost circadian BP patterns.”!

Not only does ABPM allow monitoring of changes in BP but
also in HR. Although the focus of this review is on BP changes after
SCI measured by ABPM, the comparison between alterations in
HR and BP patterns supports the understanding of involved un-
derlying neuronal mechanisms.

There are inconsistent findings with respect of circadian HR
rhythm in the literature. On one side, there are publications pre-
senting preserved circadian HR rhythm,***® while other studies
report a lost rthythm of circadian HR.*>*

The findings of preserved circadian HR rhythm in tetraplegic
subjects, compared with lost circadian BP rhythms in these
subjects,”®>! reflects the differences in autonomic control of BP
and HR. As the efferent extra-spinal vagal innervation of the
heart is still intact in tetraplegic subjects, increased vagal tone
appears likely to account for the preserved nocturnal dip in HR in
this population.’® The preserved nocturnal HR dip in tetraplegic
subjects is interpreted as an adaptive mechanism of the intact
parasympathetic cardiac control to a reduced sympathetic outflow
after a cervical SCI. HR reductions at night are mediated by
increased parasympathetic outflow through the vagal nerve to the
heart as well as the withdrawal of sympathetic activity.”’ The
circadian modulation of vagal activity, with its peak during night,
seems to be sufficient to elicit the characteristic nocturnal dip in
HR, even after a severe SCI. It is speculated that the physio-
logical nocturnal dip in HR is mainly an effect of increased
parasympathetic activity, while the nocturnal dip in BP de-
pends on inhibition of spinal sympathetic outflow by supraspinal
centers.*?

In contrast, other studies have reported lost circadian HR
rthythms after cervical spinal cord lesion.*'*? Their explanation
focused on the lost sympathetic drive after a SCI rather than the
preserved parasympathetic innervation of the heart; the lack of
daytime HR increase in tetraplegic subjects is proposed by a loss of
central modulation of cardiac sympathetic nervous activity. The
preservation of HR circadian rhythm (i.e., daytime increase) in
paraplegic but not in tetraplegic subjects is well explained by the
fact that SPNGs fibers controlling HR leave the spinal cord at T1-T5
level (see Fig. 1).

Next to alterations of sympatho-excitatory drive after SCI, de-
creased daily physical activity due to paralysis in affected subjects
has been proposed to be another, intuitive, reason for decreased
daytime BP (i.e., loss of nocturnal dip).*' However, the observation
made by Krum and colleagues that nocturnal dip in BP is markedly
diminished in tetraplegic subjects but maintained in neurologically
intact orthopedic subjects who were almost totally immobile during
the 24-h period suggests that the increased BP during daytime
versus nighttime is a consequence of a diurnal variation in sym-
pathetic activity, which is relatively independent of changes in
physical activity levels.”®

To strengthen the assumption of decreased systemic sympathetic
nervous activity after a severe SCI, neurohormal changes have been
measured by catecholamine levels in the blood. Tetraplegic sub-
jects with a loss of nocturnal BP dip show simultaneously reduced
plasma levels of norepinephrine, compared with paraplegic and
able-bodied subjects with preserved nocturnal dip.*'*° In contrast,
the plasma level of epinephrine was lower in both, tetraplegic and
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paraplegic subjects, compared with able-bodied subjects.*! The
low plasma level of epinephrine in SCI subjects might be due to a
disturbance of sympathoadrenal secretion. However, it seems that
central sympathoadrenal drive does not play an essential role in the
maintenance of a normal circadian BP rhythm, since paraplegic
subjects have a preserved nocturnal dip but low plasma epinephrine
levels.*!

The loss of circadian BP pattern in tetraplegic subjects was as-
sociated with the occurrence of sudden hypertensive events: 91% of
SCI tetraplegic subjects with a loss of nocturnal dip in BP showed
clinically reported autonomic dysreflexia (AD).”!

Blood pressure variability after SCI

A typical daily BP pattern in SCI subjects is characterized by the
occurrence of potentially life-threatening hypertensive events due
to AD as well as hypotensive events mainly due to changes in
position, (i.e., from lying to sitting or standing position).”’ These
immense BP fluctuations could contribute to increased shear stress
of blood vessels and consequently to vascular injury, and predis-
posing this population to a greater risk for arterial disease.”*

ABPM also can be used to assess BP variability within a 24-h
period in SCI subjects. It has been reported that tetraplegic subjects
who have recently experienced episodes of AD show greater BP
and HR variability, assessed as coefficient of variation (CV) within
the 24-h period, than able-bodied subjects and SCI subjects who
have never reported AD.>®

Previously it has been shown that the extent of BP variability
plus an abnormal circadian BP rhythm (i.e., a loss of nocturnal
BP dip) can help differentiate primary hypertension from hy-
pertension secondary to autonomic dysfunction, such as follow-
ing SCL.>

In addition to a general assessment of BP variability by cal-
culation of CV, ABPM also has been used to describe the oc-
currence of specific episodes of AD over a 24-h period.>' In this
study, authors reported that in 70% of SCI subjects with clinically
reported symptoms of AD, such as headache, goose bumps,
profuse sweating etc., pathological ABPM recordings, including
high peaks of SBP, could be described.”’ Severe episodes of AD
with SBP up to 224 mm Hg, bradycardia as low as 45 beats per
minute, and accompanying symptoms were reported in subjects
with sensorimotor complete tetraplegia.’! However, the same
group showed that incomplete tetraplegic subjects neither self-
reported any AD events nor could ABPM identify such hyper-
tensive events.*

As described above, ABPM has been used to qualitatively de-
scribe pathological recordings within circadian BP pattern after
SCL**' However, no study has yet objectively quantified the
frequency of hypertensive events nor tried to assess hypotensive
events, such as orthostatic hypotension (OH), which is a known
clinical problem of a severe SCI.>%%°

Representative examples of ABPM recordings from our labo-
ratory in intact and subject with SCI are presented in Figure 4.

The primary mechanisms underlying the increase of BP vari-
ability with frequent episodes of AD and OH after SCI include
abnormal autonomic control resulting from the loss of supraspinal
input to spinal sympathetic circuits.>® Further, numerous subse-
quent plastic phenomena that occur below the level of SCI possibly
contribute to increased BP fluctuations: 1) plastic changes within
SPNs®! interneurons,®” 2) aberrant dorsal root afferents sprout-
ing,% 3) plastic changes within the peripheral autonomic ganglia,**
and 4) changes in a-adrenoceptors sensitivity.®>
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(A) Ambulatory blood pressure monitoring (ABPM) profiles from an able-bodied subject (female, 29 years) with preserved

physiological nocturnal dip (>10% drop in systolic blood pressure [SBP] from day- to nighttime) and normal daily blood pressure and
heart rate variability due to increased physical bouts, such as walking upstairs. (B) Recordings from a subject with complete tetraplegia
(C5, American Spinal Injury Association Impairment Scale B, male, 58 years) showing loss of nocturnal dip, multiple episodes of
autonomic dysreflexia and hypotension ranging from 180 to 71 mm Hg SBP. Shaded time section represents nighttime. These ABPM

profiles are examples from our laboratory.

Clinical Practicability

In the last few years, CVD has emerged as a leading cause of
morbidity and mortality in the SCI population, even exceeding
pulmonary and renal failures.?' > ABPM as an out-of-office BP
monitoring has been shown in able-bodied subjects to be superior to
clinic BP monitoring with respect to its prognostic value of car-
diovascular morbidity and mortality.”~'° In particular, the ability to
measure nocturnal BP as the most sensitive predictor of CVD
outcomes considers ABPM as an important part of clinical
practice.'*'¢

ABPM revealed a persistent hypotension and a lack of an ap-
propriate nocturnal BP dip in tetraplegic subjects, which may
predispose them to ischemic brain injury and cognitive deficits as it

has been proposed for the able-bodied population.** In addition,
AD, exaggerated BP variability, and disruption of the circadian BP
pattern pose potential cardiovascular risk factors that are unique to
SCI subjects. ABPM also may improve outpatient management in
this regard by further clarifying BP patterns in SCI subjects.”

The use of ABPM enables prediction of the occurrence and
severity of autonomic failure (i.e., sympathetic disconnection) in
SCI subjects® and therefore further clarifies underlying neuronal
mechanisms of changes in circadian BP patterns. Episodes of daily
occurring AD events can hardly be assessed with discrete BP as-
sessments. However, circadian BP patterns give more insight into
the occurrence of these potentially life-threatening events and,
importantly, can be used to assess the effectiveness of medical and
surgical treatments.’!
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Challenges

Currently available ABPM devices are much smaller, easier to
use, and less noisy than previous devices, leading to better ac-
ceptability and tolerance in assessed subjects.®” However, com-
pliant use of the devices by subjects sometimes is not possible.
Depending on the frequency of measures—generally between 15—
30 min while awake—SCI subjects are more or less restricted in
their daily activities. Strong movements, for example during
wheeling or transfers, can prevent an accurate BP assessment or
commonly results in failed readings. Clinical staff should instruct
the subjects to ensure they keep the monitored arm steady and at
heart level during each reading for the entire 24-hour period.’

ABPM devices produce tactile and sonorous stimuli during
BP measurements, which can cause sleep disturbances in some
subjects.®®%® The repeated cuff-inflation during overnight BP
monitoring (generally every 30-60 min) might cause sleep depri-
vation resulting in non-physiological BP elevations, and therefore
the clinical implications of altered circadian BP patterns in such
cases should be interpreted with caution.'?

It is encouraged that an activity-diary of the monitoring period is
completed by the assessed subject or a caregiver (e.g., in the case of
tetraplegia with restricted writing skills) to report sleep and wake
times, the timing of BP medication administration and any symp-
toms potentially related to high or low BP.” In the SCI population,
however, such diaries have seldom been used and if so, only wake
and sleep times were noted.*>>? One study used a diary to capture
AD symptoms with the goal of identifying silent episodes of AD.¥

Since SCI subjects experience significant BP alterations, such as
AD and OH, subject diaries should not only capture individual
daytime and nighttime BP, and BP medication administration, but
also transfers from bed to wheelchair and vice versa, sudden
symptoms of OH, such as dizziness, light-headedness, blurred vi-
sion and/or nausea, and sudden symptoms of AD, such as headache,
heart palpitations, goose bumps and/or profuse sweating. In addi-
tion to the report of such events or symptoms in the diary, it might
be critical to allow subjects to take additional self-measures in the
case of events or symptoms. This may help capture more BP de-
rangements than pre-programmed measures alone.

In addition to technical challenges, it is important to mention that
currently most of the clinical ABPM is conducted by cardiologists,
who have great expertise in use and interpretation of 24-hour BP
profiles in the general population. However, the rather expensive
devices, and data processing software as well as the required know-
how about ABPM usage, data analysis and interpretation might
challenge a widespread adoption of ABPM in the SCI community.
Further, without specialized knowledge on possible events that
result in BP alteration among SCI individuals (monitoring BP on
bowel day, etc.) and detailed documentation (diary) of symptoms
makes this technique more difficult to utilize in monitoring SCI
individuals. Finally, without strong documentation of adverse ef-
fect of unstable BP on health and quality of life of SCI subjects,
insurance might not cover ABPM assessments.

Conclusions

In summary, subjects with SCI exhibit drastic changes in their
cardiovascular control due to loss of supraspinal input to spinal
sympathetic neurons and due to immobility. Subjects with com-
plete tetraplegia show the most adverse BP changes. Therefore, the
outpatient management of BP in this population is becoming in-
creasingly important. In addition, SCI subjects are living longer and
independently in outpatient settings, and their risk for CVD is
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known to be increased. ABPM seems to serve as a helpful, non-
invasive tool to investigate altered circadian BP patterns and doc-
umentation of events related to episodes of OH and AD. Further,
abnormal patterns in ABPM, such as a loss of nocturnal dip, have
been shown to be associated with increased risk for CVD in the
able-bodied population. Therefore, presence of potentially life-
threatening AD events as well as abnormal ABPM patterns, also
might pose potential CVD risk factors in the SCI population. This
relation is not well documented yet in patients with SCI but will be
particularly important for complete tetraplegic subjects who show
adverse circadian BP profiles. The use of ABPM in this population
might help detect these profiles and monitor the efficacy of various
treatment strategies. Although further research is required in this
area, we suggest that ABPM should be used as a clinical modality
for assessment of BP derangements in subjects with SCL.
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