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unclear whether the complexity of the variability of the systolic
arterial pressure (SAP) provides complementary information to that of
the heart period (HP). The complexity of HP and SAP variabilities
was assessed from short beat-to-beat recordings (i.e., 256 cardiac
beats). The evaluation was made during a pharmacological protocol
that induced vagal blockade with atropine or a sympathetic blockade
(beta-adrenergic blockade with propranolol or central sympathetic
blockade with clonidine) alone or in combination, during a graded
head-up tilt, and in patients with Parkinson’s disease (PD) without
orthostatic hypotension undergoing orthostatic challenge. Complexity
was quantified according to the mean square prediction error (MSPE)
derived from univariate autoregressive (AR) and multivariate AR
(MAR) models. We found that: /) MSPEyar did not provide addi-
tional information to that of MSPEAg; 2) SAP variability was less
complex than that of HP; 3) because HP complexity was reduced by
either vagal blockade or vagal withdrawal induced by head-up tilt and
was unaffected by beta-adrenergic blockade, HP was under vagal
control; 4) because SAP complexity was increased by central sympa-
thetic blockade and was unmodified by either vagal blockade or vagal
withdrawal induced by head-up tilt, SAP was under sympathetic
control; 5) SAP complexity was increased in patients with PD; and 6)
during orthostatic challenge, the complexity of both HP and SAP
variabilities in patients with PD remained high, thus indicating both
vagal and sympathetic impairments. Complexity indexes derived from
short HP and SAP beat-to-beat series provide complementary infor-
mation and are helpful in detecting early autonomic dysfunction in
patients with PD well before circulatory symptoms become notice-
able.

heart rate variability; head-up tilt; pharmacological blockade; Parkin-
son’s disease; autonomic nervous system

SHORT-TERM CARDIOVASCULAR control is performed by multiple,
simultaneously active, regulatory mechanisms (28). These
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mechanisms prevent cardiovascular variables from assuming
values that are incompatible with life while assuring that the
organism can function under most conditions. The measurable
effect of the action of cardiovascular control is the beat-to-beat
fluctuations in cardiovascular variables such as heart period
(HP) and systolic arterial pressure (SAP), even in the absence
of any external stimulus (10). Because these short-term mech-
anisms are weakly coupled and operate over different time
scales spanning from 0.04 to 0.5 Hz in humans (56), the time
course of cardiovascular variables is characterized by patterns
with different dominant frequencies and shapes. This variety of
features is usually referred to as dynamical complexity (43).
Indexes that quantify cardiovascular complexity have been
shown to contain physiological and clinical information (17).
Indeed, the complexity of the beat-to-beat HP series has been
found to decrease with age (26, 37, 53, 64), it is altered in
pathological conditions (7, 15, 24, 51, 62, 65), and it is
modulated by the autonomic nervous system (9, 40, 45, 46, 55,
38, 60, 61, 69).

The dynamical complexity of cardiovascular control is usu-
ally quantified over the time course of a single variable using
univariate approaches essentially based on the evaluation of
entropy, predictability, recurrence of symbols, or scaling be-
havior (9, 23, 26, 39, 45, 46, 49, 58, 66, 67). The variable most
used to infer complexity of cardiovascular control is HP, due to
its informative value about the state of the autonomic nervous
system and its accessibility. Two main issues remain unre-
solved: I) it is unclear whether the complexity of SAP vari-
ability can provide additional information over the complexity
of HP variability; and 2) it is unknown whether the exploitation
of a multivariate approach that observes several cardiovascular
variables at the same time might provide additional insight
over a univariate approach alone. We hypothesize that com-
plexity indexes relevant to SAP variability are informative with
respect to those relevant to HP variability, especially under
physiological and pathological conditions that primarily affect
vascular control. In addition, we conjecture that complexity
indexes derived from a multivariate approach (i.e., jointly
analyzing the HP and SAP variability series and accounting for
respiration, R), can provide information that is different from
that obtained from a univariate approach. Indeed, the explicit
consideration of additional variables more directly linked to
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specific systems such as the respiratory system for R and the
vascular system for SAP, might allow a more precise descrip-
tion of cardiovascular control. Moreover, the shortness of the
data sets traditionally used to derive information about short-
term cardiovascular regulation (i.e., ~5 min or ~300 cardiac
beats) might limit the reliability of reconstructing the dynam-
ical behavior of cardiovascular control when derived from a
unique variable, while the exploitation of multivariate record-
ings might allow a more complete reconstruction.

Thus the aim of this study is to compare complexity indexes
derived from HP variability with those derived from SAP
variability and to contrast a multivariate approach with a
univariate approach. Complexity indexes derived from a mul-
tivariate autoregressive (MAR) model that jointly considers the
HP, SAP, and R series will be compared with those derived
from a univariate autoregressive (AR) model. Complexity will
be estimated according to a predictability approach that esti-
mates the best MAR and AR models directly from short-term
recordings of HP and SAP variabilities. The portion of total
variance that cannot be explained by the model will be taken as
an index of the complexity of the HP and SAP series. Three
experimental protocols will be considered: /) selective phar-
macological blockade of the sympathetic and parasympathetic
branches of the autonomic nervous system alone or in combi-
nation to elucidate the physiological mechanisms that underlie
the complexity of cardiovascular control (35); 2) a graded,
head-up tilt test to induce a progressive sympathetic activation
and vagal withdrawal in healthy subjects to clarify the ability
of complexity indexes to track gradual modifications of car-
diovascular regulation (11, 31, 47); and 3) a head-up tilt in
patients with Parkinson’s disease (PD) without clinical evi-
dence of orthostatic intolerance and hypotension to highlight
the ability of complexity indexes to detect an early impairment
of cardiovascular control (2).

MATERIALS AND METHODS

Autonomic blockade protocol. This protocol was originally de-
signed to study the effects of pharmacological blockades of the
parasympathetic and sympathetic branches of the autonomic nervous
system on cardiac baroreflex sensitivity (see Ref. 35 for a detailed
description). Briefly, we studied nine healthy male physicians (age
range 25—46 years) who were familiar with the study setting. None of
the subjects presented an abnormal medical history, physical exami-
nation, or electrocardiography, nor did they take any medication. All
subjects had normal resting brachial arterial pressure as measured by
sphygmomanometer. They were instructed to avoid tobacco, alcohol,
and caffeine for 12 h and strenuous exercise for 24 h before each
experiment. Electrocardiographic (ECG) and noninvasive finger blood
pressure (Finapress 2300, Ohmeda, Englewood, CO) data were re-
corded during the experiments. Subject’s hands were maintained at
heart level. Signals were sampled at 500 Hz. Experimental sessions
were performed over 3 days at approximately 2-wk intervals. One
volunteer took part only in the first-day experiments. Subjects re-
mained at rest in the supine position in a quiet, darkened room during
all recordings. Each experiment started in the morning between 8:00
and 9:00 AM and consisted of 15-20 min of baseline (B) recording
followed by 15-20 min of recording after drug administration. Re-
cordings were obtained: /) on day 1 after parasympathetic blockade
with 40 wg/kg iv atropine sulfate (atropine, AT) to block muscarinic
receptors; 2) on day 2 after 3-adrenergic blockade with 200 pg/kg iv
propranolol (PR) to block (3; cardiac and (3, vascular peripheral
adrenergic receptors; 3) on day 1 when PR was administered at the
end of the AT session (the dose of AT was reinforced by 10 pg/kg)
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to combine the effect of AT and PR (AT+PR) and to obtain a cardiac
parasympathetic and sympathetic blockade; 4) on day 3, 120 min after
oral administration of 6 wg/kg clonidine hydrochloride (clonidine,
CL) to centrally block the sympathetic outflow to the heart and
vasculature and to centrally increase the cardiac parasympathetic
activity (57). All subjects gave their written, informed consent; the
protocol adhered to the principles of the Declaration of Helsinki; and
the human research and ethical review board of the Hospices Civils de
Lyon approved the protocol.

Graded, head-up tilt protocol. This protocol was originally de-
signed to monitor the progressive involvement of baroreflex in con-
trolling HP-SAP variability interactions as a function of the tilt-table
inclination (i.e., the magnitude of the orthostatic challenge) (see Ref.
42 for a detailed description). Briefly, we studied 19 nonsmoking
healthy men and women (age range 21-48 years, median = 30 years;
8 men). Subjects had no history or clinical evidence of any disease nor
did they take any medication. They refrained from consuming any
caffeine or alcohol-containing beverages for 24 h before the record-
ings. All experiments were performed in the morning. The subjects
were supported on the tilt table by two belts at the thigh and waist,
respectively, and with both feet touching the footrest of the tilt table.
ECG (lead II), continuous plethysmographic AP (Finometer MIDI,
Finapres Medical Systems, the Netherlands), and respiratory move-
ments via thoracic belt (Marazza, Monza, Italy) were recorded.
Signals were sampled at 300 Hz. The arterial pressure was measured
from the middle finger of the left hand being maintained at the level
of heart by fixing the subject’s arm to his or her thorax during the
upright position. All experimental sessions of the protocol included
three periods in the same order: /) 7 min of B at rest in the supine
position; 2) 10 min during passive head-up tilt (T); and 3) 8 min of
recovery. The inclination of the tilt table, expressed in degrees, was
randomly chosen within the set (15°, 30°, 45°, 60°, 75°, 90°). Sessions
were labelled as T15, T30, T45, T60, T75, and T90 according to the
tilt table inclination. Each subject underwent all six tilt-table inclina-
tion experimental sessions. Each subject completed the sequence of
tilt-table angles without experiencing any sign of presyncope. The
arterial pressure signal was cross-calibrated in each session using a
measure provided by a sphygmomanometer at the onset of B. The
autocalibration procedure of the arterial pressure device was switched
off after the first automatic calibration at the onset of the session.
Analyses were performed after about 2 min from the start of each
period. During the entire protocol the subjects breathed spontaneously
but they were not allowed to talk. Informed consent was obtained
from all subjects; the protocol adhered to the principles of the
Declaration of Helsinki; and the human research and ethical review
boards of the L. Sacco Hospital and Department of Biomedical and
Clinical Sciences, University of Milan, approved the protocol.

PD protocol. This protocol was originally designed to monitor the
early impairment of cardiovascular control in patients with PD via
spectral analysis of spontaneous HP and SAP variabilities (see Ref. 2
for a detailed description). Briefly, we studied 12 patients with PD
without orthostatic hypotension or symptoms of orthostatic intoler-
ance (age range 55-79 years, median = 65 years; 8 men) and 12
healthy control (HC) subjects matched by age and gender with those
in the PD group (age range 58—72 years, median = 67 years; 7 men).
Patients with PD (i.e., stages 2—4 using the Hoehn and Yhar scale)
were at the best of their habitual pharmacological treatment. ECG
(lead II), noninvasive arterial pressure (Finapress 2300, Ohmeda,
Englewood, CO) and respiratory movements via thoracic belt
(Marazza, Monza, Italy) were recorded. Sample frequency was 300
Hz. Signals were recorded with the subject lying on the tilt table,
gently fastened by two belts, and with both the feet touching the
footrest of the tilt table. Recordings of 10 min were obtained at B and
at T75. During the protocol, the subjects breathed spontaneously but
were not allowed to talk. All subjects gave their written informed
consent; the study adhered with the principles of the Declaration of
Helsinki for medical research involving human subjects; and the
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human research and ethical review boards of the Bolognini Hospital
of Seriate, Bergamo, Italy, approved the protocol.

Extraction of the beat-to-beat variability series. After detecting the
QRS complex on ECG readings and locating the R-apex using
parabolic interpolation, the temporal distance between two consecu-
tive R parabolic apexes was computed and used as an approximation
of HP. The maximum arterial pressure inside the HP was defined as
SAP, and the nth SAP [i.e., SAP(n)] was taken inside the nth HP [i.e.,
HP(n)]. For the autonomic blockade protocol, R was inferred from
ECG readings; that is, the area of the first QRS complex delimiting
HP(n), assessed with respect to the isoelectric baseline, was taken as
the nth R measure [i.e., R(n)] (32). Conversely, in the graded, head-up
tilt and PD protocols R(n) was obtained by sampling the R signal in
correspondence with the first QRS delimiting HP(n). The occurrences
of QRS and SAP peaks were carefully checked to avoid erroneous
detections or missed beats. If isolated ectopic beats affected HP and
SAP values, these measures were linearly interpolated using the
closest values that were unaffected by ectopic beats. HP, SAP, and R
were extracted on a beat-to-beat basis. The series were linearly
detrended. Sequences of 256 consecutive measurements were ran-
domly selected inside each experimental condition. If evident nonsta-
tionarities (such as very slow drifting of the mean or sudden changes
in the variance) were present despite the linear detrending, the random
selection was carried out again. The mean and the variance of HP and
SAP were indicated as pup, sap, 0 up, and 0%sap and expressed in
ms, mmHg, ms?, and mmHg?, respectively.

Model-based complexity analysis. The complexity of the HP and
SAP series was assessed according to an MAR model (see Appendix
for further details). Briefly, this approach described the HP series as a
linear combination of its own past values, of present and past values
of SAP, and R series, plus a random, unpredictable, noise. Reversing
the role between HP and SAP allowed a description of SAP dynamics.
The coefficients of the linear combination were estimated directly
from the HP, SAP, and R series via least-squares identification (52).
The number of coefficients was optimized via the Akaike criterion for
multivariate processes (1). After identifying the coefficients of the
MAR model, the variance of the random, unpredictable part calcu-
lated as the mean square prediction error (MSPE) between the original
and MAR-predicted series, provided a complexity index. It was
labeled as MSPEnmar. Given that the HP, SAP, and R series were
normalized to have zero mean and unit variance before identifying the
model coefficients, MSPEymar Was bound between 0 and 1, where 0
indicates null complexity (full predictability) and 1 indicates maxi-
mum complexity (full unpredictability).

The complexity of the HP and SAP series was assessed according
to an AR model as well (see Appendix for further details). In this case,
the HP (or SAP) series was described exclusively on the basis of a
linear combination of its own past values without accounting for any
additional exogenous influence. The coefficients of the linear combi-
nation were again estimated directly from the HP (or SAP) series via
Levinson-Durbin recursion (27) and the number of the coefficients
was optimized via the Akaike criterion for univariate processes (1).
The ability of the AR model to describe the HP (or SAP) dynamics
was quantified again as the MSPE between the original and AR-
predicted series. The complexity index was labeled as MSPE sr. As a
result of the normalization of HP and SAP series, MSPEAR, like
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MSPEmar, ranged from O (full predictability) to 1 (full unpredict-
ability).

Statistical analysis. We performed a paired t-test to check the
significance of the difference between MSPEyar and MSPEAR re-
gardless of the series and experimental condition in each experimental
protocol. If the normality test (Kolmogorov-Smirnov test) was not
fulfilled, a Wilcoxon signed-rank test was used. The same test was
used to check the significance of the difference between MSPEar (or
MSPEMmar) assessed over the HP and SAP series regardless of the
experimental condition. One-way repeated measures analysis of vari-
ance (i.e., Dunnett’s test), or a Friedman repeated measures analysis
of variance on ranks when appropriate, was applied to check whether
experimental conditions affected the time domain and MSPE indexes
compared with B in both the autonomic blockade and graded, head-up
tilt protocols. In the graded, head-up tilt protocol, linear regression
analysis of the time domain and MSPE indexes on tilt-table inclina-
tion was carried out. Global linear regression analysis was carried out
by pooling together all data. The Pearson product moment correlation,
r, was calculated. If r was significantly different from 0, then a
significant linear relationship of the parameter on tilt-table angles was
detected. In the protocol of patients with PD, two-way repeated
measures analysis of variance (one factor repetition, Holm-Sidak test
for multiple comparisons) was performed to assess the significance of
changes in the time domain and MSPE parameters induced by
head-up tilt within the same population (HC or PD group) and
differences between groups within the same experimental condition
were determined (B or T75). Statistical analysis was carried out using
a commercial statistical program (Sigmastat, SPSS, ver.3.0.1). A
value of P < 0.05 was always considered as significant.

RESULTS

Time domain characterization of the experimental protocols.
Table 1 shows the medians (25th—75th percentiles) of pup,
024p, sap, and o?sap during the autonomic blockade proto-
col. Although pyp was significantly modified by all the phar-
macological interventions (i.e., wyp decreased after AT and
AT+PR, and increased after PR and CL), 0?gp was signifi-
cantly modified only after AT and AT+PR (i.e., o2gp Was
dramatically reduced after AT and AT+PR); pwsap was signif-
icantly modified after AT and CL (i.e., sap increased after AT
and decreased after CL); and osap Was not affected by the
pharmacological protocol except after CL (i.e., 02sap Was
significantly decreased after CL).

Table 2 shows the medians (25th—75th percentiles) of pwup,
021p, Psap, and o2sap during the graded, head-up tilt protocol.
During all head-up tilt sessions pyp was significantly lower
than at B, whereas o2yp was significantly reduced when the
tilt-table inclination was =75°. Head-up tilt did not affect psap
except at T90, when psap was significantly increased. Tilt-
table inclination =60° induced a significant increase in O2SAPp.
All these variables were significantly, linearly related to tilt-
table angles: the correlation coefficient, , was —0.59 (P =
1.91-10~13) for wup, —0.31 (P = 2.72-10~*) for o?yp, +0.26

Table 1. HP and SAP mean and variance during autonomic blockade protocol

B AT PR AT+PR CL
Wup [ms] 1043 (955-1107) 629% (613-649) 1228* (1181-1353) 726* (697-756) 1352%* (1304-1401)
o?up [ms?] 2419 (1516-5653) 58% (20-89) 3121 (2654-8873) 26* (13-51) 3782 (3058-6452)

115.4 (107.9-118.8)
30.2 (20.3-42.0)

130.7% (126.2-145.0)
37.0 (23.5-45.6)

118.3 (114.9-120.2)
31.6(23.8-53.4)

122.6 (117.1-138.4)
31.1(17.2-37.2)

92.7% (87.7-102.5)
7.7% (3.4-11.5)

wsap [mmHg]
o2sap [mmHg?]

Values are expressed as median (first quartile — third quartile). wup, HP mean; o?up, HP variance; psap, SAP mean; o2sap, SAP variance; B, baseline; AT,
atropine; PR, propranolol; AT+PR, atropine plus propranolol; CL, clonidine. *Significant difference from baseline (P < 0.05).
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736* (654-786)
1850* (1349-3419)
131.2* (125.0-138.8)

T75
732% (659-806)
2168* (1628-2871)
124.6 (116.9-135.6)
35.7* (20.4-52.6)

T60

784% (680-854)
2610 (1980-3995)
128.6 (117.5-132.6)
31.6% (18.3-49.5)

T45
804* (761-882)
2904 (1895-3581)
125.9 (118.3-131.4)

T30

871%* (819-968)
3531 (2318-4443)

121.7 (115.9-126.3)
20.1 (12.0-30.2)

T15
917* (859-1018)
3294 (1502-5862)
119.7 (115.7-123.0)
15.1 (8.1-26.4)

1005 (918-1052)
3402 (2561-5794)
121.2 (118.5-121.7)

Table 2. HP and SAP mean and variance during graded, head-up tilt protocol

pup [ms]
o?up [ms?]
wsap [mmHg]

Univariate vs. Multivariate Assessment of Complexity « Porta A et al. 1813

(P = 2.32:1073) for psap, and +0.27 (P = 1.46:10~3) for
[0 2SAP-

Table 3 shows the medians (25th—75th percentiles) of pup,
0%4p, Wsap, and oZsap in the PD protocol. While pyp de-
creased significantly at T75 in both HC and PD groups, o2up
and psap were insignificantly affected by T75. The vascular
response to head-up tilt in the population of patients with PD
was blunted; indeed, although 02sap in the HC group increased
at T75 compared with B, no significant changes were observed
in the PD group. As a consequence, at T75, 02gap in patients
with PD was significantly smaller than in HC subjects.

Short-term complexity of HP and SAP series during the
autonomic blockade protocol. Figure 1 summarizes the results
of short-term complexity analysis during autonomic blockade
protocol. Figure 1, A and B, shows MSPEsr and MSPEyar
pooled together regardless of the pharmacological challenge as
a function of the predicted series (i.e., HP and SAP). The
MSPEaRr of the HP group was significantly larger than the
MSPEar of the SAP group (Fig. 14; P < 0.001). The same
finding was observed for MSPEyar (Fig. 1B; P < 0.001).
When MSPE values were pooled together independently of
their assessment over HP and SAP and independently of the
experimental condition, MSPEsr was found to be significantly
higher than MSPEMAR (P < 0001) MSPEAR and MSPEMAR
of HP and SAP as a function of the pharmacological challenge
are shown in Fig. 1, C—F. MSPEar of HP significantly de-
creased from B during AT and AT+PR administration (Fig.
1C; P < 0.05), while MSPEsr of SAP significantly increased
during CL administration (Fig. 1D; P < 0.05). The same
results were obtained for MSPEyar (Fig. 1, E and F).

Short-term complexity of HP and SAP series during graded,
head-up tilt protocol. Figure 2 shows the results of short-term
complexity analysis during the graded, head-up tilt protocol.
Figure 2, A and B, shows MSPEar and MSPEyar pooled
together regardless of the tilt-table inclination as a function of
the predicted series (i.e., HP or SAP). The MSPEsr of HP was
significantly larger than the MSPEAr of SAP (Fig. 24; P <
0.001). The same result held for MSPEmar (Fig. 2B; P <
0.001). When MSPE values were pooled together regardless of
their evaluation from the HP and SAP series and regardless of
the tilt-table inclination, MSPE sr was found to be significantly
higher than MSPEyar (P < 0.001). Individual values for
MSPEr assessed over the HP and SAP series are depicted as
open circles as a function of the experimental condition in Fig.
2, C and D. Similar representation is given for the MSPEymar
of HP and SAP (Fig. 2, E and F). For HP, both MSPEr and
MSPEMmar were significantly decreased from B when the
tilt-table angle was =30° (Fig. 2, C and E; P < 0.05). Both
MSPEAr and MSPEyar of HP were significantly linearly
related to tilt-table angles (r = —0.56, P = 2.23-10 2 and r =
—0.57, P = 1.21-10'2, respectively). For the SAP series,
MSPEsr and MSPEMaRr were not affected by head-up tilt (Fig.
2, D and F).

Short-term complexity of the HP and SAP series during the
PD protocol. Figure 3 summarizes the results of short-term
complexity analysis in the PD protocol. Figure 3, A and B,
shows MSPEAr and MSPEpmar pooled together regardless of
the experimental condition, as a function of the predicted series
(i.e., HP or SAP) in both HC and PD groups. MSPEARr of HP
was similar to MSPEsr of SAP in both HC and PD groups
(Fig. 3A). On the contrary, the MAR approach was able to

26.7* (18.0-35.9)

24.4 (14.1-37.4)

18.3 (12.6-24.1)
Values are expressed as median (first quartile — third quartile). pup, HP mean; o?up, HP variance; pwsap, SAP mean; o2sap, SAP variance; B, baseline; T15, T30, T45, T60, T75, and T90 represent,

respectively, 15°, 30°, 45°, 60°, 75°, and 90° head-up tilt. *Significant difference from baseline (P < 0.05).

o2sap [mmHg?]
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Table 3. HP and SAP mean and variance during PD protocol

Univariate vs. Multivariate Assessment of Complexity

« Porta A et al.

HC PD
B T75 B T75
pup [ms] 855 (782-983) 758% (695-827) 912 (824-942) 710% (691-829)
o?up [ms?] 1075 (446-1906) 604 (326-1625) 504 (374-1106) 215 (85-342)

120.9 (115.6-132.2)
37.9 (25.1-47.7)

wsap [mmHg]
a2sap [mmHg?]

134.8 (121.6-161.4)
72.4* (53.6-116.6)

124.5 (118.1-127.8)
16.8 (11.4-27.4)

127.2 (113.8-135.0)
21.5# (12.1-30.4)

Values are expressed as median (first quartile — third quartile). pup, HP mean; o?up, HP variance; wsap, SAP mean; osap, SAP variance; B, baseline; T75,
75° head-up tilt; HC, healthy control group; PD, group with Parkinson’s disease. *Significant difference within group vs. baseline (P < 0.05). #Significant

difference within condition vs. HC (P < 0.05).

discern significant differences between MSPE of HP and SAP.
Indeed, MSPEMmar of HP was larger than MSPEpar of SAP in
both HC and PD groups (Fig. 3B). Although MSPEsr of HP
was similar in the HC and PD groups, MSPEAr of SAP was
larger in patients with PD than in HC subjects (Fig. 3A).
Similar findings were obtained for MSPEmar (Fig. 3B).
MSPEAr and MSPEyar are shown as a function of the
experimental condition (i.e., B and T75) in both HC and PD
groups in Fig. 3, C—F. For HP, MSPEar significantly de-
creased at T75 in HC subjects, it remained unchanged in the
PD group and, in both experimental conditions (i.e., B or T75)
it was similar in both groups (Fig. 3C). At difference with HP,
MSPEar of SAP was unmodified by T75 in both HC and PD
groups and, in both experimental conditions (i.e., B or T75), it
was significantly larger in patients with PD than in HC subjects
(Fig. 3D). Similar results held for MSPEpmar (Fig. 3, E and F).

DISCUSSION

This study suggests that a complexity index derived from an
MAR approach (i.e., MSPEpmar) does not provide additional

information from that derived from an AR approach (i.e.,
MSPEAR). In addition to this methodological result, the main
experimental findings can be summarized as follows: /) SAP
variability is less complex than HP; 2) vagal activity keeps HP
complexity high; 3) sympathetic activity keeps SAP complexity
low; 4) in patients with PD, HP and SAP complexity indexes can
detect the early abnormalities of cardiac and vascular controls,
respectively; and 5) SAP complexity is increased in patients with
PD without any modification in HP complexity. These findings
suggest that complexity indexes assessed from HP and SAP
variabilities provide complementary information and should be
utilized for the detection of early abnormalities in both cardiac and
vascular controls.

Univariate and multivariate approaches to the assessment of
HP and SAP complexity provide similar information. When
short-term variability recordings (i.e., 256 samples) are con-
sidered, the shortness of the data sequence might prevent a
consistent reconstruction of the dynamical behavior of the
cardiovascular regulatory system from the time course of a
single variable (54) and, thus, a robust assessment of quantities
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Fig. 1. Box-and-whisker plots report the 10th, 25th, 50, 75th, and 90th percentiles of MSPE computed from the HP and SAP series during the autonomic
blockade protocol. MSPEAr and MSPEmar are shown as a function of the series (i.e., HP and SAP) and regardless of the experimental condition in (A) and (B),
respectively. MSPEAr and MSPEwmar assessed over the HP series is depicted as a function of the experimental condition in (C) and (E), respectively, while
MSPEAar and MSPEmar assessed over the SAP series is shown in (D) and (F), respectively. **P < 0.001 vs. HP; and *P < 0.05 vs. baseline.

J Appl Physiol - doi:10.1152/japplphysiol.00755.2012 « www jappl.org

2T0Z ‘9T Jaquiagdad uo odnjepid ojod easolqig 1e /Bio ABojoisAyd-dels:dny woly papeojumod



http://jap.physiology.org/

Univariate vs. Multivariate Assessment of Complexity « Porta A et al.

1815

12 12 12
% * * * ¢
ke *kk
(a9
= <
m b
& o5
7 [y
= T Z
— T
J_ [ - ] [ ]
‘ﬁ-_,
0.0 L 1 0.0 |
hp sap hp sap B TI5 T30 T45 T60 T75 T90
12 12 12
* * * * *
o
5 £ 2
ﬁ o o Sé Sé
m = mz o
?;) 8 8 o E o o
o [75) 2] o
Z | e 8 o o 8 S | B = 8 o ¢ 6 g
: RN i - EEEEEE
0.0 L1 . TR 0.0 L~ > O © 7 0.0
B TI5S T30 T45 T60 T75 T90 B TIS T30 T45 T60 T75 T90 B TIS T30 T45 T60 T75 T90

Fig. 2. Box-and-whisker plots report the 10th, 25th, 50th, 75th, and 90th percentiles of MSPE computed from the HP and SAP series during graded head-up tilt
protocol. MSPEAr and MSPEwmar are shown as a function of the series (i.e., HP and SAP) and regardless of the experimental condition in (A) and (B),
respectively. Individual values (open circles) for MSPEar and MSPEmar assessed over the HP series are depicted as a function of the experimental condition
in (C) and (E), respectively, while MSPEAr and MSPEmar are assessed over the SAP series in (D) and (F), respectively. While MSPEAr and MSPEmar assessed
over the SAP series is similar to baseline in (D) and (F), MSPEar and MSPEmar assessed over the HP series decrease significantly in (C) and (E) when the
tilt-table angles are =30° (*P < 0.05 vs. baseline). The linear regressions (solid line) of all the MSPE values on tilt-table inclination and their 95% confidence
interval (dotted lines) are plotted when correlation coefficient is significantly different from 0 with P < 0.01.

describing the complexity of dynamics. Conversely, it can be
hypothesized that using more than one signal (i.e., a multivar-
iate approach) might be helpful in obtaining a more reliable
reconstruction of the system dynamics given the same length of
recording. In addition, multivariate recordings might allow the
exploration of features of the cardiovascular regulatory system
that would otherwise remain unobservable, thus making more
comprehensive the description of cardiovascular control. For
example, in the assessment of complexity using the HP series,
the additional exploitation of SAP variability and R signal
might allow a more direct and insightful description of parts of
the cardiovascular control system (i.e., vascular and respiratory
systems, respectively) that otherwise might be only indirectly
assessed from HP dynamics. In disagreement with this hypoth-
esis, the MAR approach to the quantification of complexity
accounting for exogenous variables did not add new informa-
tion to that of univariate AR. This disappointing conclusion
contrasted with the better ability of the MAR approach to
predict dynamics: indeed, MSPEyar is significantly smaller
than MSPEar regardless of the experimental protocol and
population. The better predictability of the MAR approach
over the AR approach might be the effect of the larger number
of coefficients. We conclude that the joint exploitation of past
samples of HP, SAP, and R to predict the HP (or SAP) series
does not produce any practical advantage in terms of estima-
tion of complexity compared with using an adequate number of
past samples drawn from the sole series to be predicted. This
finding suggests that no hidden portions of the dynamical
behavior of the cardiovascular control system can be discov-
ered by considering additional variables (i.e., the full observ-

ability of the cardiac and vascular regulatory systems using a
single variable). In addition, because complexity indexes de-
rived from a single time series are not improved by adding new
informative signals, we suggest that the size of the considered
sequences, despite its shortness, is sufficient to reliably esti-
mate short-term complexity indexes.

SAP variability is less complex than HP variability. This
study confirms that the complexity of the SAP variability is
smaller than that of the HP series (40). The high complexity of
the HP variability compared with that of SAP might be the
result of the concomitant action of vagal and sympathetic
branches of the autonomic nervous system on the heart while
the vascular bed is under sympathetic control (40). This finding
suggests that vagal inputs produce HP oscillations independent
of those of sympathetic circuits, thus indicating that the well-
recognized reciprocal (30) or parallel (36) interactions between
the two branches of the autonomic nervous system do not occur
via frequency locking mechanisms that lead to a decrease in the
overall complexity of HP dynamics. In addition, the low
complexity of the SAP series suggests the tendency of
vascular sympathetic control to synchronize the sparse va-
somotor activity of peripheral districts to produce phase-
locked, regular, SAP oscillations over a limited range of
frequencies (i.e., the low frequency band) (4). The different
levels of HP and SAP complexity were detected both in
young healthy subjects undergoing pharmacological chal-
lenges or graded, head-up tilt test, and in HC subjects used
to contrast results with patients with PD, thus suggesting
that this feature is preserved in aging. In our pathological
population, constituted by patients with PD without ortho-
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Fig. 3. Box-and-whisker plots report the 10th, 25th, 50th, 75th, and 90th percentiles of MSPE computed from the HP and SAP series in HC subjects (white box)
and in patients with PD (gray box). MSPEAr and MSPEmar are shown as a function of the series (i.e., HP and SAP) and regardless of the experimental condition
in (A) and (B), respectively. MSPEAr and MSPEwmar assessed over the HP series are depicted as a function of the experimental condition in (C) and (E)
respectively, while MSPEAr and MSPEMmar assessed over the SAP series are shown in (D) and (F), respectively. *P < 0.05 within population while varying
series or experimental condition or series. #P < 0.05 within experimental condition or series while varying population.

static hypotension or symptoms of orthostatic intolerance,
different levels of HP and SAP complexity were preserved,
thus indicating that at this early stage of the disease vagal
innervation of the heart is still able to raise the complexity
of the HP series, and sympathetic innervation of the vessels
is still able to keep the complexity of the SAP series low.

Vagal activity keeps the complexity of the HP variability
high. 1t is well known that short-term complexity of the HP
series assessed over short data sequences (about 300 cardiac
beats) is reduced in healthy subjects in the presence of an
increase in sympathetic activity and vagal withdrawal; indeed,
it was lower during head-up tilt, inducing a reflex sympathetic
activation in response to a reduced venous return (45), during
vagal blockade carried out with AT (46), after iv infusion of
nitroprusside evoking a sympathetic reflex response by lower-
ing arterial pressure (46), and during daytime compared with
nighttime (44). This study points out the following in regard to
the short-term complexity of the HP series as assessed from
predictability measures: /) it declines progressively as a func-
tion of the tilt-table inclination in healthy young subjects, and
this reduction is still detectable in an older population; 2) it is
reduced by blocking the vagal activity directed to the heart
with AT; 3) it remains unmodified after 3-adrenergic blockade
carried out via PR administration or after central blockade of
the sympathetic outflow to the heart and vasculature performed
by CL; and 4) it is decreased after double autonomic blockade
performed via administration of PR after AT to a level com-
parable to that observed after the sole administration of AT. All
these findings suggest that HP complexity is governed primar-
ily by vagal influences in healthy humans. We suggest that in
situations of sympathetic overactivity in which sympatho-

vagal balance is working (36), such as during head-up tilt (34),
the reduction in HP complexity is induced by vagal with-
drawal. Vagal departure contributes to the decrease in HP
complexity by limiting the effectiveness of fast circuits, thus
reducing the number of temporal scales actually exploited to
regulate cardiovascular variables (46) and augmenting the
isolation of the heart from neural inputs (38). It can be
hypothesized that an additional contribution of the regulariza-
tion of HP dynamics is given by the ability of the sympathetic
circuits to synchronize several control mechanisms working
over temporal scales close to, but not completely coincident, in
the low-frequency band (from 0.04 to 0.15 Hz) (45). These
findings are in agreement with those of previous studies using
methods for the assessment of fractal characteristics of HP
variability. These studies found a significant change in the
fractal features of HP variability toward less random dynamics
(i.e., toward a Brownian motion) after AT (9, 60, 69), head-up
tilt (55, 58), and combined [3-adrenergic and vagal blockade (9,
55), while no modifications were observed after (3-adrenergic
blockade performed by PR (9, 68) or after central sympathetic
blockade performed by CL (9). It is worth noting that the
proposed approach to the quantification of complexity is much
simpler than fractal analysis and, thus easier to implement;
indeed, it is based on the estimate of a limited number of
coefficients of a linear regression over past values of the series
according to an AR model, and it does not require large sets of
data to become consistent. In addition, it allows a direct
comparison with the result of AR power spectral analysis:
indeed, the estimated coefficients allow the evaluation of low-
and high-frequency powers as well (34).
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Sympathetic activity keeps the complexity of the SAP vari-
ability low. Few studies have assessed the complexity of SAP
variability (8, 9, 26, 40, 61), thus making it difficult to under-
stand whether SAP complexity indexes carry additional infor-
mation over HP indexes. In addition, some reports did not
compare complexity indexes derived from HP and SAP vari-
abilities (26). We speculate that this is due primarily to the
length of the blood pressure recordings necessary to obtain
reliable complexity estimates on the basis of fractal indexes (8,
9) or multiscale entropy indexes (61). Duration of recordings
makes the experimental setup involving arterial pressure re-
cordings more complicated than that based on sole ECG
acquisition. In this regard, the approach proposed here on the
basis of model-based, short-term predictability might stimulate
further research on the complexity of SAP variability.

This study suggests that sympathetic activity directed to the
vessels keeps the complexity of the SAP series low. Indeed,
CL, by inducing a central blockade of the sympathetic activity
both at the cardiac and vascular levels, significantly increased
SAP complexity. We suggest that sympathetic activity directed
to the vessels contributes to the synchronization of peripheral
vascular districts, thus producing measurable effects at the
level of a systemic variable, such as SAP, and keeps the SAP
series complexity low. Complete sympathetic blockade in-
duced by CL abolishes synchronization, thus rendering sparse
the contributions of the peripheral districts to SAP variability
and increasing the complexity of SAP dynamics. Because
blockade of 3;-adrenergic cardiac and (3,-adrenergic vascular
receptors induced by PR did not produce any alteration in SAP
complexity variability, we suggest that a-adrenergic receptors
are more involved in governing SAP complexity. The lack of
modification in the complexity of SAP variability after AT and
combined vagal and (-adrenergic blockade obtained via the
administration of PR after AT corroborates the observation that
SAP complexity is mainly under sympathetic control.

It has been suggested that an increase in HP complexity as
detected via a breakdown in fractal features toward more
random dynamics, can be interpreted as an index of coactiva-
tion of sympathetic and vagal outflow (59). Here, the mecha-
nisms exploited by CL to cause a loss of predictability and,
consequently, a rise in the complexity of SAP variability, did
not seem to involve parallel modifications in the activity of
both branches of the autonomic nervous system. Indeed, the
activity of sympathetic arm is abolished (35) and vagal activity
is increased (57). The proposed mechanism on the basis of the
loss of synchronization of the vasomotion of peripheral dis-
tricts after sympathetic blockade (4) might be tested using
specific physiological protocols involving the assessment of
peripheral flows and resistances in different districts and the
direct evaluation of the effect of a sympathetic activation or
deactivation.

The progressive increase in sympathetic activity as a func-
tion of the tilt-table angle during graded, head-up tilt (11, 14,
31) did not modify the complexity of SAP variability, and this
result held for the HC group in the PD protocol. This finding is
in agreement with a lack of modification in the fractal proper-
ties during graded, lower-body negative pressure protocol
inducing a sympathetic activation as a function of the reduction
in central venous pressure and stroke volume (8). We speculate
that the baseline level of sympathetic activity is sufficient to
synchronize the vasomotor activity of peripheral districts, thus
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keeping the SAP variability complexity low, and extra activa-
tion did not produce further synchronization, nor in turn,
additional regularization of the SAP dynamics.

HP and SAP complexity indexes detect early abnormalities
in cardiovascular control in patients with PD. Patients with PD
are characterized primarily by motor symptoms such as pos-
tural instability, rigidity, and bradykinesia, but also by nonmo-
tor symptoms such as those induced by a concomitant auto-
nomic dysfunction (21, 29, 70). The causes leading to auto-
nomic dysfunction in patients with PD are related to the
presence of Lewis bodies not only in preganglionic structures
of sympathetic and vagal autonomic nervous systems, but also
in postganglionic sympathetic ganglia (63). Additional condi-
tions concurring with autonomic dysfunction include cardiac
sympathetic denervation, extracardiac noradrenergic denerva-
tion, and arterial baroreflex failure (18-20). The impairment of
vagal control can be detected by spectral analysis of HP
variability in terms of a reduced magnitude of respiratory sinus
arrhythmia (22, 25), by an altered circadian rhythm (33), and
by a blunted response to an orthostatic stimulus (2). Impairment
of sympathetic regulation can be assessed by spectral analysis of
SAP variability in terms of a reduced low-frequency power and by
the inability to raise the amplitude of the low-frequency oscilla-
tions during head-up tilt (2).

The issue of early recognition of the abnormalities of vagal
and sympathetic controls in patients with PD is crucial. Indeed,
early treatment of these patients might reduce arterial pressure
dysregulation, thus preventing the effects of both hypotensive
and hypertensive episodes on cardiovascular and central ner-
vous systems. Patients with PD without orthostatic hypoten-
sion or symptoms of orthostatic intolerance were still able to
significantly decrease HP and maintain unchanged SAP during
head-up tilt. Among time domain indexes solely SAP variance
suggests an abnormal vascular control: indeed, SAP variance
did not increase during the head-up tilt. Complexity indexes
derived from both short-term HP and SAP variabilities were
able to detect the early anomaly of cardiovascular control.
Indeed, the initial impairment of cardiac regulation was de-
tected by the missed decrease in HP complexity during head-up
tilt in the group of patients with PD. In this population, head-up
tilt was unable to induce a vagal withdrawal, thus leaving
unmodified the HP complexity as a likely result of both the
damage to vagal control and the inability of the cardiovascular
regulatory mechanisms to shift sympatho-vagal balance toward
sympathetic predominance. Early impairment of vascular reg-
ulation was detected by the larger value of SAP complexity
both at B and at T75. It appears that SAP complexity analysis
was able to detect early abnormalities in vascular control just
at B without the application of any external stimulus or
experimental maneuver. We speculate that the early sympa-
thetic denervation that characterizes patients with PD is already
sufficient to prevent synchronization of vasomotor activities of
peripheral districts even in the absence of any significant effect
on SAP mean maintained at a normal level by an operating
baroreflex (2). As a consequence of the lack of synchronization
of vasomotion of peripheral districts, the magnitude in SAP
changes (i.e., the SAP variance) remained low in patients with
PD during head-up tilt, while it increased in HC subjects.

Complexity of SAP variability is increased in patients with
PD without modification of HP complexity. Findings from this
study agree with the view that the complexity of the dynamical
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changes in cardiovascular variables reflects the action of phys-
iological control mechanisms and complexity indexes might be
helpful in assessing the state of cardiovascular control (16, 43).
This study disagrees with the stereotype that disease is char-
acterized by a loss of physiological complexity (15) when the
physiological complexity is ranked according to the scale
providing at its extremes a fractal process, as an example of
high physiological complexity, and white noise or a strictly
periodic signal, as examples of null physiological complexity.
Here, the PD group was characterized by an increase in
dynamical complexity, and this increase cannot be explained in
terms of a breakdown in physiological complexity toward a
more random behavior because the power spectrum of HP and
SAP variabilities in the PD group is different from that of a
white random noise (i.e., evident spectral peaks are still de-
tectable).

HP and SAP complexity indexes provide complementary
information. All the findings reported in this study suggest that
complexity indexes derived from short-term HP and SAP
variabilities provide complementary information. Even the
observation that HP complexity is more related to vagal activ-
ity and SAP complexity is more related to sympathetic activity
supports this conclusion. However, the most straightforward
evidences are as follows: /) the increase in SAP complexity in
the absence of any variation in HP complexity after CL; 2) the
decrease in HP complexity after AT without a significant
change in SAP complexity; and 3) the lack of changes in SAP
complexity during sympathetic activation induced by the
graded, head-up tilt protocol in the presence of a progressive
decrease in HP complexity. Therefore, this study strongly
recommends the joint assessment and comparison of complex-
ity indexes derived from both short-term HP and SAP variabil-
ities to derive a deeper view about cardiovascular control.

Perspective and significance. This study provides a simple
index (i.e., MSPEAR) to assess the complexity of short HP and
SAP variabilities based on the AR model, and demonstrates
that MSPEAr is equivalent to a more advanced approach based
on the MAR model. The proposed index might be a valid
alternative to more sophisticated methods for the evaluation of
complexity on the basis of fractal analysis. Indeed, the index is
more reliable in the presence of short series, thus triggering
applications over arterial pressure variability recordings and
enlarging the field of application of complexity analysis. In
addition, the study proves that complexity analysis of the HP
and SAP series provides different information about the car-
diovascular control and links HP and SAP complexity indexes
to different physiological control mechanisms. The study also
suggests that complexity indexes might be fruitfully utilized
for early detection of the impairment of the autonomic nervous
system in pathological populations, thus prompting for a clin-
ical application of complexity analysis. Future studies should
be focused on the generalization of this approach by introduc-
ing nonlinear terms in the multivariate model (6, 50) or by
using model-free approaches based, for example, on k-nearest
neighbors (13), thus accounting for possible nonlinear mecha-
nisms overlooked by the present linear approach. The proposed
analysis of complexity, on the basis of an assessment of the
variance of the unpredictable part, can be complemented by
decomposing the variance of the predictable part of HP (or
SAP) into contributions due to each source (i.e., HP, SAP, and
R) (48) with the aim of clarifying the strength of the casual
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interactions and relations. Because stationarity is a prerequisite
for this analysis, future studies should clarify the contribution
of nonstationarities to the variance of the unpredictable part
and, consequently, to the estimation of complexity indexes.

APPENDIX

MAR and AR model-based assessment of complexity. Given the
series HP = {HP(n), n = 1,..., N}, SAP = {SAP(n),n = 1,...,
N},and R = {R(n),n = 1, ..., N} where n is the progressive cardiac

beat counter and N is the series length, the series was first normalized,
thus obtaining an hp, sap, and r series with zero mean and unit
variance. Interactions among the series were described according to
the MAR model (52), y(n) = A(z)-y(n) + w(n), where y = |hp sap riT
is the column vector of the signals (the symbol T indicates the
transpose operator), W = |Wn, Wsap WilT is the column vector of
uncorrelated white noises, and A(z) is the 3 X 3 matrix of the finite
impulse response filters describing the relations among signals, and z
is the forward shift operator [i.e., y(n + 1) = zy(n)] (52). The
elements of A(z) on the main diagonal describe the dependence of hp,
sap, and r on their own qmar past values, and the elements outside the
main diagonal of A(z) describe the dependence of a series on present
and qmar past values of a different one. The immediate action of r on
sap, r on hp, and sap on hp was allowed, thus accounting for a
potential fast vagal reflex (12, 41). One beat delay was introduced
from hp to r (3), from sap to r, and from hp to sap, thus preventing the
presence of loops without delay and making it possible to identify the
model parameters (5). The coefficients of the finite impulse response
filters of A(z) were estimated directly from the hp, sap, and r series
using the Cholesky decomposition method (27). The model order,
gmar, Was optimized in the range of 4 to 16 according to the Akaike
figure of merit for multivariate processes (1). After model coefficients
were identified and the best model order was selected, A(z) was
completely determined as A(z), thus allowing the prediction of vy, ¥,
by filtering y(n) with A(z) as J(n) = A(z)~y(n). Defining the prediction
error as the difference between y(n) and §(n) allowed the MSPEmar
of hp, sap, and r to be computed. Because the series were normalized
to have unit variance, MSPEnar ranged from O to 1. The larger the
MSPEwmar, the larger the unpredictability and the dynamical com-
plexity of the series, and the smaller its predictability and regularity.
MSPEmar was compared with that derived from a univariate AR
model (i.e., MSPEARr). The AR model was again described as y(n) =
A(z)-y(n) + w(n) (52), but where y represents hp (or sap) and A(z)
represents the finite impulse response filter, and it exclusively de-
scribes the autodependence of y(n) on its own qar past values
(cross-dependences were prevented). The coefficients of A(z) were
estimated using the Levinson-Durbin recursion (27) procedure and the
best model order, qar, was selected in the range of 4 to 16 according
to the Akaike figure of merit for univariate processes (1). After the
estimation of the model coefficients, the best prediction can be again
computed as Y(n) = A(z)-y(n), thus allowing the evaluation of
MSPEar.
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