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Abstract
Study design Observational study.
Objectives To quantify diurnal blood pressure (BP) patterns and nocturnal hypertension and to measure diurnal urine
production in people with chronic spinal cord injury (SCI), compared with controls without SCI.
Setting Chronic SCI population in the community in Victoria, Australia.
Methods Participants were recruited by advertisement, and sustained SCI at least a year prior or were healthy able-bodied
volunteers. Participants underwent ambulatory BP monitoring (ABPM), measurement of urine production, and completed
questionnaires regarding orthostatic symptoms. Comparisons were made between participants with tetraplegia or paraplegia
and able-bodied controls. Participants with night:day systolic BP < 90% were classified as dippers, 90–100% as nondippers,
and >100% as reverse dippers.
Results Groups with tetraplegia (n= 51) and paraplegia (n= 33) were older (42.1 ± 15 and 41.1 ± 15 vs. 32.4 ± 13 years,
mean ± s.d.) and had a higher prevalence of males (88 and 85% vs. 60%) than controls (n= 52). The average BP was 110.8
± 1.5/64.4 ± 1.2 mmHg, 119.4 ± 2.1/69.8 ± 1.5 mmHg, and 118.1 ± 1.4/69.8 ± 1.0 mmHg in tetraplegia, paraplegia, and
controls, respectively. Of participants with tetraplegia, paraplegia and controls, reverse dipping was observed in 45, 13, and
2% (p < 0.001), while nocturnal hypertension was observed in 13, 23, and 18%, respectively (p= 0.48). A reduction in
nocturnal urine flow rate compared with the day was observed in paraplegia and controls, but not tetraplegia.
Conclusions Similar to the effects of acute SCI, chronic SCI, specifically tetraplegia, also causes isolated nocturnal
hypertension, reverse dipping, orthostatic intolerance, and nocturnal polyuria. Cardiovascular risk management and
assessment of orthostatic symptoms should include ABPM.

Introduction

Blood pressure (BP) control is dramatically impaired by
disruption of the neural pathways that regulate cardiovas-
cular function. The clinical consequences of autonomic
damage in spinal cord injury (SCI) are well recognised and
include severe hypotension and persistent bradycardia, large
daily fluctuations in BP, autonomic dysreflexia and poten-
tially premature arterial disease, and increased cardiovas-
cular risk [1–3].

Autonomic disease in the able-bodied population pro-
duces similarly severe clinical impairment. In this cohort,
measurement of BP during ambulation has proven invaluable
in the management of symptoms, control of cardiovascular
risk, and identification of potential mechanisms which may
contribute to orthostatic intolerance. In particular, ambulatory
BP monitoring (ABPM) has been instrumental in identifying
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the disruptions of diurnal variation of BP and the role that
elevated nocturnal pressures may play in nocturnal diuresis
and natriuresis—which have been proposed as contributors
to postural hypotension [4, 5].

Using ambulatory monitoring, we recently documented
the temporal changes in BP and urine production over the
year following SCI [3]. Compared with control participants,
SCI was characterised by high rates of nocturnal hyperten-
sion, reversal of diurnal variation of BP, and absent diurnal
variation in urine production, especially in people with tet-
raplegia. Whether these effects persist beyond the first
12 months following SCI, and the extent to which people
with chronic SCI are affected by them, remains unknown. In
this study, we examined the diurnal BP, diurnal urine pro-
duction, and orthostatic symptoms in people with chronic
SCI, and compared them with that of controls.

Methods

Participants were recruited prospectively by advertisement
within the hospital and in the community through general
and SCI-specific services. Previous patients of the hospital
were also invited by letters and telephone calls. Participants
with SCI had traumatic tetraplegia or paraplegia with a
duration of injury of at least 1 year, regardless of concurrent
health conditions. Able-bodied volunteers without known
cardiovascular conditions were recruited through adver-
tisements in the hospital and surrounding universities.

Participants underwent an interview, and medical records
were reviewed, to characterise demographic details (age,
gender) and details of SCI (date, mechanism of injury, level,
and completeness of injury [6]), medical conditions, and
concurrent therapy. Participants were assigned the tetra-
plegia group if their lesion was in the cervical region, and
the paraplegia group if their lesion was in the thoracic,
lumbar, or sacral region. Those with paraplegia were further
classified as high paraplegia if the lesion was between T1
and T6 or as low paraplegia if the lesion was below T6 [6].

Ambulatory BP monitoring

Ambulatory BP measurements were obtained using the Card
(X)plore monitor (Meditech, Budapest, Hungary), with a cuff
of appropriate size, worn by each participant over about 24 h
in an outpatient setting. Measurements were taken half-
hourly during the day (0600–2200 h) and hourly at night
(2200–0600 h). Results were analysed according to mean 24-
h, day (1000–2000 h), and night (0000—0600 h) values for
systolic BP (SBP), diastolic BP (DBP), and pulse rate. Day
and night were defined by narrow fixed clock-time intervals
to eliminate morning and evening transition periods which
are associated with considerable variation in BP [7] and in

postural change among groups. These correspond well with
actual awake and asleep periods [8]. This is especially
applicable to the SCI population who may dress in bed after
getting upright for the morning routine and may return to bed
for a duration before going to sleep for the night, hence there
is a period over which postural change occurs.

As previously described, the extent of nocturnal dip in BP
was calculated as the ratio of night SBP to day SBP,
expressed as a percentage (night:day SBP). Participants with
a night:day SBP of <90% (the normal pattern) were classified
as “dippers”, 90–100% as “nondippers”, and >100% as
“reverse dippers” [9]. Hypertension was defined as average
24-h BP greater than 130/80mmHg, day hypertension as
average day BP above 135/85mmHg, and nocturnal hyper-
tension as average night BP above 120/70mmHg [10].

Postural BP measurement

Postural BP was measured upon arising from bed on the
morning after the monitor was applied. Participants or their
carers took manual measurements from the ambulatory
device at 1-min intervals. The participants were required to
be recumbent for the first two measurements and then
standing (seated if participants were unable to stand) for the
next three measurements. Orthostatic hypotension was
defined as a fall in SBP of 20 mmHg or DBP of 10 mmHg
within 3 min of assuming the upright position [11].

Urine measurements

Urine output was recorded over 3 consecutive days, gen-
erally within a week of BP monitoring. Participants were
instructed to record the time that they voided or emptied
their catheter bag on waking on the first day (Day 1), and
then to record urine volume and time at each void or when
the catheter bag was emptied, until and including the
measurement on first waking on Day 4. A measuring jug
was provided for measurement of voided urine or urine
emptied from the catheter bag. For the purposes of this
study, the terms urine output and urine production are used
interchangeably and refer to the volume of urine measured
from voiding or emptying of the catheter bag. The day and
night rates of urine output were calculated by dividing the
volume of urine by the time between measurements and
expressed as ml/min. Measurements reported were average
values for the 3 days and nights. For each group, compar-
isons were made between the rate of urine output during the
day and the night.

Symptom assessment

Participants were asked to rate their symptoms of orthostatic
intolerance over the preceding week on a scale of 0 for none
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to 10 for the worst possible. Symptoms of orthostatic
intolerance were explained as symptoms (lightheadedness,
dizziness) pertaining to low BP often arising from postural
change or remaining upright for some time, and relieved
with tilting backwards, lifting legs, or lying down.

Study groups

The main aim was to compare tetraplegia with paraplegia
and with healthy able-bodied volunteers. Additionally, high
paraplegia was compared with low paraplegia, and com-
plete with incomplete tetraplegia and paraplegia. For par-
ticipants with SCI, urine production and orthostatic
symptoms were compared across the three categories of
diurnal BP variation—dipping, nondipping, and reverse
dipping. This comparison was made for participants with:
(a) SCI, (b) complete SCI, and (c) tetraplegia.

Statistical analysis

Analysis was performed using Microsoft Excel (Microsoft,
Redmond, WA, USA) and R software (http://www.r-
project.org). Participants’ data was included for analysis if
they had complete measurements for at least one of ABPM
or urine diary. Factorial ANCOVA was used to compare
continuous variables between study groups (such as BP),
adjusting for gender and age; Tukey’s Honestly Significant
Difference tests were used for pairwise comparisons where
there was a significant difference between groups. Paired t-
tests were used to compare the day and night continuous
variables (pulse rate and urine output rates) within each
group. The chi-square test was used for categorical vari-
ables (such as gender and dipping status). The
Kruskal–Wallis test was used for ordinal, non-parametric
data (symptom rating scale). Significance was set at
p < 0.05. Range intervals represent standard error of the
mean (s.e.m.).

Statement of ethics

We certify that all applicable institutional and governmental
regulations concerning the ethical use of human volunteers
were followed during the course of this research. The pro-
tocol for this study was approved by the Human Research
Ethics Committee of Austin Health.

Results

Study group characteristics

Participants were predominantly male and middle aged
(Table 1). There were significantly more males in the SCI

groups than in the able-bodied group, and participants in the
SCI groups were older (Table 1).

Eight participants (three with tetraplegia, five with para-
plegia) were taking anti-hypertensive medications and two
(both with tetraplegia) were on pressor agents (fludrocortisone,
pseudoephedrine, and liquorice root). None of the control
participants were taking medications that affect BP.

ABPM data was incomplete for 4, 3, and 1 participant(s)
in the tetraplegia, paraplegia, and control groups, respec-
tively, while urine measurements were incomplete in 20, 9,
and 10, respectively. This was due to insufficient readings
(ABPM), inability to tolerate the monitor, or not completing
urine measurements.

BP and pulse rates

The tetraplegia group had lower 24-h and day BP than the
paraplegia and control groups, but night BP did not differ
between groups (Table 2). Night BP exceeded day BP in
45% of participants with tetraplegia, but this was the case
for only 13% of those with paraplegia and 2% of controls.
Dippers comprised 26% of those with tetraplegia, 70% of
those with paraplegia, and 82% of the controls. In those
with elevated night BP, nocturnal hypertension was seen in
the absence of day hypertension in 4 of 6 in the tetraplegia
group, 5 of 7 in the paraplegia group, and 1 of 9 in the
control group.

Participants with tetraplegia had lower 24 h and daytime
pulse rates compared with other groups, while those with
paraplegia had higher pulse rates in the day compared with
other groups (Table 2). The nocturnal fall in pulse rate was
observed in each group.

The differences across groups for SBP and pulse rates
were present after adjusting for gender and age.

Subgroups

High and low paraplegia

Values for BP and pulse rate in participants with high
paraplegia were generally located between those with tet-
raplegia and low paraplegia (Supplementary Table S1).
There were significant differences between high paraplegia
and tetraplegia for day pressures, nocturnal dipping, 24-h,
and day pulse rates, and no significant differences between
high and low paraplegia for BP or pulse rate parameters.
Dippers comprised 74 and 65% of participants with high
and low paraplegia, respectively.

Complete and incomplete SCI

Diurnal BP variation was lost in both complete and
incomplete tetraplegia, with night:day SBP being in the
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reverse dipper category for the complete tetraplegia
group, but in the nondipper category for the
incomplete tetraplegia group (Table 3). The between-
group difference in night:day SBP of 7.2% (95% CI,
−0.1 to 14.5), as determined in pairwise comparisons,
suggests a trend towards a more abnormal diurnal
BP variation for the complete compared with incomplete
tetraplegia group. Reverse dipping was observed
in 60 and 33% of complete and incomplete tetraplegia,
respectively, while dipping was observed in 15 and
33%, respectively. Completeness of injury was not
associated with statistically significant differences
in BP or pulse rate parameters in paraplegia or in
tetraplegia.

Postural BP

SBP and DBP were slightly higher after postural change in
control participants, but in both tetraplegia and paraplegia,
BP was lower (Fig. 1). Orthostatic hypotension was present
in 38% (n= 10), 25% (n= 4), and 6% (n= 2) of partici-
pants with tetraplegia or paraplegia and the controls,
respectively (p < 0.05).

Urine production

Urine flow rates were statistically lower at night than during
the day in controls and in participants with paraplegia, but
this nocturnal fall in urine flow rate was not observed in the
participants with tetraplegia (Fig. 2a).

In participants with SCI, the nocturnal fall in urine pro-
duction was present in those with a dipper BP pattern, in
contrast to the reversal of diurnal urine production in the
reverse dipper group (Fig. 2b). In participants with tetra-
plegia, the nocturnal fall in urine production was absent in
all groups, but a reversal of diurnal urine production was
observed in the group with the reverse dipper pattern
(Fig. 2c). In participants with complete SCI, the nocturnal
fall in urine production was present only in those with the
dipper BP pattern (Fig. 2d).

No correlation was observed between night:day SBP and
night:day urine flow rates.

Symptom scores

Symptoms of orthostatic intolerance were greatest in parti-
cipants with tetraplegia and lowest in controls (Fig. 3).

Table 1 Characteristics of study group

Tetraplegia (n= 51) Paraplegia (n= 33) Controls (n= 52)

Age (years) 42.1 ± 15* 41.1 ± 15* 32.4 ± 13

Median 41 41 28

Range 16–70 22–75 16–65

Males 45 (88%)* 28 (85%)* 31 (60%)

Level of SCI C2-C8: 51 T1-T6: 17 –

T7-L1: 16

Duration of SCI (years) 7.5 ± 9.3 5.9 ± 6.4

Median 4 3

Range 1–51 1–28

Complete/incomplete 21/30 24/9 –

Neurological C1-4, ABC: 10 T1-6, ABC: 17

Classification C5-8, ABC: 32 T7-S5, ABC: 13

D: 9 D: 3

Comorbidities

Diagnosed sleep disordered
breathing^

25 (49%) 4 (12%) 0 (0%)

Current smoking^ 10 (20%) 9 (27%) 3 (6%)

History of hypertension^ 3 (6%) 5 (15%) 0 (0%)

Diabetes mellitus 3 (6%) 2 (6%) 0 (0%)

Ischaemic heart disease 2 (4%) 2 (6%) 0 (0%)

Cerebrovascular disease 2(4%) 0 (0%) 0 (0%)

Dyslipidaemia 2 (4%) 1 (3%) 2 (4%)

Atrial fibrillation 0 (0%) 0 (0%) 1 (2%)

SCI spinal cord injury, ABC American Spinal Injury Association Impairment Scale (AIS) A, B, or C, D AIS D

*p < 0.05 compared with controls; ^p < 0.05 across groups. Data given as mean ± s.d
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Scores were not significantly different between high and
low paraplegia, complete and incomplete tetraplegia, or
complete and incomplete paraplegia (data not shown).
There was no significant difference in symptom scores
among the three diurnal BP categories (dipper, nondipper,
and reverse dipper).

Discussion

We previously documented the haemodynamic con-
sequences of acute SCI by studying a large group of par-
ticipants recruited from consecutive admissions to a single-
site unit that had responsibility for treating people with

Table 3 Blood pressure and pulse rates for complete and incomplete tetraplegia and paraplegia

Tetraplegia, complete
(n= 20)

Tetraplegia, incomplete
(n= 27)

Paraplegia, complete
(n= 23)

Paraplegia, incomplete
(n= 7)

Systolic BP
(mmHg)

24 h 108.6 ± 1.5**‡‡ 112.4 ± 2.4** 120.1 ± 2.5 117.4 ± 4.2

Day 107.0 ± 2.2**‡‡ 114.8 ± 2.6** 125.9 ± 2.7 123.6 ± 3.9

Night 108.2 ± 1.7 108.3 ± 2.7 110.2 ± 3.1 107.7 ± 6.7

Night:
Day (%)

101.9 ± 2.4**‡‡ 94.8 ± 2.1** 87.7 ± 2.0 87.1 ± 4.3

Reverse dippers 12 (60%) 9 (33%) 2 (9%) 2 (29%) ^

Diastolic BP
(mmHg)

24 h 63.5 ± 1.4**‡ 65.1 ± 1.7** 70.2 ± 1.9 68.6 ± 2.2

Day 63.8 ± 1.7**‡‡ 68.2 ± 1.9** 75.3 ± 2.0 73.7 ± 2.0

Night 61.1 ± 1.5 60.5 ± 1.7 61.9 ± 2.1 59.6 ± 3.6

Hypertension 24 h 0 (0%) 2 (7%) 4 (17%) 1 (14%)

Day 0 (0%) 2 (7%) 4 (17%) 1 (14%)

Night 2 (10%) 4 (15%) 5 (22%) 2 (29%)

Pulse rate (bpm) 24 h 63.3 ± 1.9*‡‡ 66.7 ± 2.2† 77.9 ± 2.1 78.8 ± 2.8

Day 67.0 ± 2.0*‡‡ 69.4 ± 2.1† 83.1 ± 2.4 83.2 ± 2.5

Night 58.0 ± 1.6‡‡ 62.3 ± 2.4 69.2 ± 2.2 68.7 ± 4.3

BP blood pressure, bpm beats per minute

Data for control participants shown in Table 2

*p < 0.05 vs. controls; **p < 0.01 vs. controls; †p < 0.05 vs. incomplete paraplegia; ††p < 0.01 vs. incomplete paraplegia; ‡p < 0.05 vs. complete
paraplegia; ‡‡p < 0.01 vs. complete paraplegia; ^p < 0.05 across groups; Values are mean ± s.e.m

Table 2 Blood pressure and pulse rate for all participants

Tetraplegia (n= 47) Paraplegia (n= 30) Controls (n= 51)

Systolic BP (mmHg) 24 h 110.8 ± 1.5**†† 119.4 ± 2.1 118.1 ± 1.4

Day 111.5 ± 1.9**†† 125.3 ± 2.2 124.1 ± 1.5

Night 108.2 ± 1.7 109.6 ± 2.8 106.9 ± 1.4

Night:Day (%) 97.8 ± 1.6**†† 87.6 ± 1.8 86.2 ± 0.8

Reverse dippers 21 (45%) 4 (13%) 1 (2%) ^

Diastolic BP (mmHg) 24 h 64.4 ± 1.2**†† 69.8 ± 1.5 69.8 ± 1.0

Day 66.3 ± 1.3**†† 74.9 ± 1.6 75.0 ± 1.1

Night 60.7 ± 1.2 61.4 ± 1.8 59.2 ± 1.2

Hypertension 24 h 2 (4%) 5 (17%) 11 (22%) ^

Day 2 (4%) 5 (17%) 13 (25%) ^

Night 6 (13%) 7 (23%) 9 (18%)

Pulse rate (bpm) 24 h 65.2 ± 1.5**†† 78.1 ± 1.7* 71.3 ± 1.2

Day 68.4 ± 1.5**†† 83.2 ± 1.9* 75.9 ± 1.4

Night 60.5 ± 1.6†† 69.1 ± 1.9 62.5 ± 1.4

BP blood pressure

*p < 0.05 vs. controls; **p < 0.01 vs. controls; †p < 0.05 vs. paraplegia; ††p < 0.01 vs. paraplegia; ^p < 0.05 across groups. Values are mean ± s.e.m
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Fig. 1 Postural changes in blood pressure and pulse rates for tetra-
plegia (n= 26), paraplegia (n= 16), and controls (n= 36). Dashed
line indicates limit for orthostatic hypotension. Solid short lines

represent mean. SBP systolic blood pressure, DBP diastolic blood
pressure, PR pulse rate, bpm beats per minute

Fig. 2 a Day and night urine flow rates for tetraplegia (n= 31),
paraplegia (n= 24), and controls (n= 42). b Urine flow rates for
participants with SCI and dipper (n= 19), nondipper (n= 13), and
reverse dipper (n= 16) patterns. c Urine flow rates for participants
with tetraplegia and dipper (n= 7), nondipper (n= 8), and reverse

dipper (n= 12) patterns. d Urine flow rates for participants with
complete SCI and dipper (n= 11), nondipper (n= 9), and reverse
dipper (n= 7) patterns. Error bars represent s.e.m. Significance values
above each pair of bars indicate comparison between day vs. night
rate; ns not significant; *p < 0.05; **p < 0.01
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traumatic SCI from a defined region of Australia [3]. The
present study aimed to examine the effects of SCI on BP
over the longer term. Similar to our previous study and in
contrast to other investigations [12–16], we examined a
large cohort of participants and employed few exclusion
criteria. Also, diurnal BP was categorised according to
patterns associated with poorer cardiovascular outcomes in
the general population [9, 17].

We previously found that acute SCI disrupts diurnal
variation of BP in 94% of participants with tetraplegia and
65% of those with paraplegia and these changes largely
persisted over the 12 months after cervical injury, but they
tended to improve in paraplegia [3]. In this study of parti-
cipants with a longer-term injury, we again observed a high
prevalence of abnormal diurnal BP variation amongst par-
ticipants with tetraplegia (74%). However, abnormal diurnal
BP variation was only seen in 30% of participants with
long-term paraplegia, compared with 18% in the control
population. This apparent time-dependent improvement in
BP control following paraplegic injury is consistent with
findings in animal models of mid-thoracic SCI in which
diurnal BP variation returned after 5 days following
incomplete T5 injury [18] and after 14–21 days following
complete T3 injury [19]. Taken together, the results of these
studies suggest that SCI causes substantial disruption to
diurnal BP control which largely persists following tetra-
plegic injury, but which improves after paraplegic injury.

The return of diurnal BP variation in paraplegia could
potentially be dependent on preservation of sympathetic
inputs to the spinal cord below C8. The sympathetic outputs
between T1–T6 regulate orthostatic vascular responses, and
the severity of cardiovascular dysfunction following SCI
has previously been correlated with the extent of histo-
pathological changes in the vasomotor pathways in the
spinal cord [20]. Consistent with a neurological explanation
is that participants with an incomplete tetraplegic injury had

less abnormalities in diurnal variation of BP than partici-
pants with a complete injury. Also consistent with this
hypothesis is the higher pulse rates observed in the para-
plegic group, particularly in low paraplegia. In contrast, the
pulse rate in tetraplegic participants was lower than in
controls. This finding is similar to our observation following
acute injury, thus it appears that the elevation in pulse rates
following paraplegia begins soon after SCI and persists in
the longer term. This observation would be consistent with
paraplegia being in a state of increased activation of the
sympathetic nervous system, and perhaps that may explain
why their BP is similar to that of the controls. In contrast, in
tetraplegia it appears that the ability to mount an adrenergic
response has been lost.

Consistent with our previous studies [21], we found a
high prevalence of sleep disordered breathing (SDB) among
people with tetraplegia. Obstructive sleep apnoea, the pre-
dominant form of SDB [21], has been associated with
abnormal diurnal BP variation in the able-bodied population
[22] and therefore might have contributed to the BP
abnormalities observed in this study. It was unfortunately
outside the scope of this study to measure sleep indices on
all participants, which would have allowed for a comparison
of effects on sleep disturbances, including effects of any
management for SDB, on diurnal BP. The lack of precision
in our estimates of SDB preclude any meaningful inter-
pretation of these differences.

The increased incidence of cardiovascular disease in SCI
mandates strict control of cardiovascular risk factors.
Compared with clinic measurements, ambulatory BP better
predicts cardiovascular risk [23]. Although the predictive
powers of ambulatory pressure have not been studied in
SCI, in our population of relatively unselected participants,
measurement of ambulatory pressure revealed that 17%
(n= 13) of our SCI participants had nocturnal hypertension,
but in only 5% (n= 4) did an elevated day pressure provide
a clue about the high night pressure. While these data argue
for the use of ambulatory measurements in the SCI popu-
lation, it should be noted that the results of ambulatory
monitoring only triggered antihypertensive treatment in one
of our study participants—at least in part because relatively
low day pressures produced a 24-h average that was below
treatment thresholds.

Nocturnal nondipping involves the loss of decline in
night BP relative to day pressure, whereas nocturnal
hypertension is defined when average night BP exceeds an
absolute value, thus one may occur independently of the
other. We observed a high prevalence of nondipping in
people with tetraplegia. While the prevalence of nocturnal
hypertension was not different between SCI and controls, it
was not insignificant, considering that people with long-
term SCI have been observed to have a higher rate of other
cardiovascular risk factors [2], which contributes to higher

Fig. 3 Orthostatic intolerance symptom scores for tetraplegia (n= 45),
paraplegia (n= 31), and controls (n= 48). Horizontal lines represent
median scores. Chi-squared= 8.94, df= 2, p= 0.0114
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absolute cardiovascular risk. Nondipping and nocturnal
hypertension have independently been associated with
poorer outcomes in normotensive as well as hypertensive
able-bodied populations [23, 24]. Their impact on cardio-
vascular risk, and whether treatment to normalise them will
improve outcomes in people with SCI, remains to be
investigated.

Although orthostatic hypotension may be asymptomatic
in SCI, it can also manifest as lightheadedness, fatigue, and
syncope [1, 25]. Symptoms can affect activities of daily
living, delay rehabilitation and impair quality of life [1, 25,
26]. In our previous study of a large group of unselected
participants with SCI, we found a high prevalence of
symptoms, particularly in those with complete cervical
injury, and these were only partly improved 12 months
later. Whether these symptoms would persist over the
longer term is unclear, with previous smaller studies of
selected people with SCI having provided conflicting results
[1, 25]. In the present study we observed that participants
with tetraplegia continued to be symptomatic, and at higher
rate than those with paraplegia, suggesting there was not a
continuous improvement in orthostatic symptoms beyond
12 months after injury. It should also be noted that although
the difference in median values between those with tetra-
plegia and controls was relatively small, this is not to say
symptoms were insignificant. Some individuals reported
severe symptoms even many years after their injury (Fig. 3).

As in our previous study, we measured diurnal urine
production in people with SCI. Nocturnal polyuria in SCI
has been attributed to the loss of vascular tone due to
impaired autonomic function, alongside lack of the skeletal
muscle pump, resulting in lower limb venous pooling while
upright; recumbency overnight returns circulating volume
thus increasing renal perfusion pressures, which, together
with a lack of nocturnal increase in antidiuretic hormone
[16], leads to nocturnal diuresis. Other hormonal changes
such as rises in atrial natriuretic peptide and glucocorticoid,
and suppression of the renin–angiotensin–aldosterone sys-
tem, have also been implicated in post-SCI polyuria in
human and animal studies [27, 28]. There is also evidence
for an interaction of neural networks involved in the control
of the bladder function and lower limb musculature.
Locomotor training, including training limited to the fore-
limbs, has been found to reduce post-SCI polyuria in rats. It
also been associated with improvements in bladder and
urinary tract function in rat studies, in keeping with a few
reports in humans with SCI [29].

In previous studies [3, 16], diurnal variation of urine
production was lost in both tetraplegia and paraplegia. In
contrast, and within the limits of the data from our urinary
measures, we observed a nocturnal fall in urine output in
both high and low paraplegia and in complete paraplegia.
This may be related to time after SCI as previous studies

were done on participants admitted for acute SCI or
undergoing inpatient rehabilitation following admission for
SCI. The compensatory neuro-hormonal mechanisms
occurring over time that affect diurnal BP, described above,
may also affect diurnal urine production. The ability to
maintain daytime BP in paraplegia may reduce the fluid
shifts seen in tetraplegia that result in nocturnal diuresis.
Another factor could be the effect of physical activity over
time, that leads to the changes in diurnal urine production,
by its effect on the urinary tract and bladder function, as
described in the rat models of thoracic SCI above.

Relative elevation of supine BP consequent upon SCI
has been proposed as a cause or contributor to a nocturnal
diuresis and even potentially to orthostatic hypotension [4,
5]. That hypothesis is supported by the results of the current
study in which chronic tetraplegia was associated with
nocturnal nondipping and diuresis. Also consistent with this
hypothesis was the observation that the improvement in
diurnal BP variation in participants with paraplegia was
accompanied by a normalisation of the diurnal production
of urine. However, in the current trial, we did not find that
the improvements in these parameters in the participants
with paraplegia were accompanied by an improvement in
orthostatic symptoms. That being said, this trial was not
designed or powered to detect such a change—and perhaps
the only way of testing this hypothesis would be to deter-
mine the symptomatic effects of selectively altering noc-
turnal BP or diuresis.

Limitations of our study include that it examined a
sample of convenience, with the population being recruited
at a single centre, and willing to participate, thus findings
may not be generalisable to the greater SCI population.

Conclusions

This study has found a high prevalence of abnormal diurnal
variation in BP and urine output, and of orthostatic hypo-
tension and symptoms, in tetraplegia compared with para-
plegia and controls. While nocturnal hypertension was not
different in prevalence between SCI and controls, daytime
hypertension was lower in tetraplegia. ABPM can be used
to identify these BP patterns, which are associated with
poorer prognoses in the general population, and are poten-
tial contributing factors to the observed increased pre-
valence of cardiovascular disease in the SCI population.
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