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Background
Recent evidence suggests that autonomic nervous system activity could be involved in the
pathophysiology of sickle cell disease, but it is unclear whether differences in autonomic nerv-
ous system activity are detectable during steady state in patients with mild and severe disease.
The aim of the present study was to compare the autonomic nervous system activity, blood
rheology, and inflammation in patients with sickle cell anemia according to the frequency of
acute pain crisis. 

Design and Methods
Twenty-four healthy volunteers, 20 patients with sickle cell anemia with milder disease, and
15 patients with sickle cell anemia with more severe disease were recruited. Milder disease was
defined as having no pain crisis within the previous year. More severe disease was defined as
having had within the previous year three or more pain crises which were documented by a
physician and required treatment with narcotics. The autonomic nervous system activity was
determined by spectral analysis of nocturnal heart rate variability. Blood viscosity determina-
tion and measurements of several inflammatory markers (interleukin-6, soluble vascular cell
adhesion molecule-1, soluble CD40 ligand and sL-selectin) were made on blood samples col-
lected in steady-state conditions. 

Results
Results showed that: 1) patients who had suffered more frequent pain crises had lower
parasympathetic activity and greater sympatho-vagal imbalance than both controls and
patients with milder disease. However, when adjusted for age, no significant difference was
detected between the two sickle cell anemia patient groups; 2) patients who had suffered more
frequent pain crises had higher blood viscosity than patients with milder disease, and this was
not dependent on age. 

Conclusions
Results from the present study indicate that both the autonomic nervous system activity and
blood viscosity are impaired in patients with sickle cell anemia exhibiting high frequency of
pain crisis in comparison with those who did not experience a crisis within the previous year.
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Introduction

Sickle cell anemia (SCA) is the most common genetic
disease in Africa, the Caribbean, the Americas, the Middle
East, and India. Although it is a monogenic disorder, its
phenotypic expression and severity are highly variable
from one patient to another. It has been established that
blood rheology alterations,1 chronic vascular inflammation
and abnormal adhesion processes,2,3 and vascular dysfunc-
tion4 play an important role in the occurrence of SCA com-
plications. It is still not clear how these mechanisms inter-
act to modulate the phenotypic expression of SCA, but
the occurrence of two main clinical sub-phenotypes is
now the subject of much debate: 1) a hemolysis-endothe-
lial dysfunction phenotype; and 2) a viscosity-vaso-
occlusive phenotype, the latter being associated with
vaso-occlusive pain crisis, acute chest syndrome and
osteonecrosis.5,6
Over the past two decades, there has been a greater

interest in the study of the autonomic nervous system
(ANS) activity in several chronic diseases. A decrease or
imbalance in ANS activity is considered a powerful and
independent predictor of cardiovascular and cerebrovascu-
lar adverse events, as well as death from any cause, in the
general population and in patients with established heart
disease or metabolic syndrome.7,8 In SCA patients, Inamo
et al.9 found depressed mean ANS activity when compared
to healthy controls but the level of ANS activity depres-
sion varied greatly from one patient to another. Pearson et
al.10 and Romero Mestre et al.11 suggested a possible rela-
tionship between autonomic reactivity and the clinical
severity of SCA. Pearson et al.10 speculated that autonomic
dysregulation could alter autonomic tone in patients with
SCA and could, therefore, exacerbate pain episodes by
increasing peripheral vasoconstriction. Romero-Mestre et
al.11 speculated that the sudden deaths reported in sickle
cell disease (SCD) could be partly related to the cardiovas-
cular autonomic nervous dysfunction. However, although
it has been suggested that ANS activity could be involved
in the pathophysiology of SCA, the mechanisms by which
ANS imbalance might modulate the clinical severity of
SCA are still poorly understood.12,13
In an effort to gain further insight into the relationship

between ANS activity and clinical expression of SCA, we
compared the ANS activity pattern of SCA patients with
frequent severe pain crises within the previous year with
that of SCA patients who had not experienced any pain
crises during this same time, and with a control group
made up of healthy subjects. In addition, since associa-
tions between blood rheology, inflammation and ANS
activity have been proposed in other diseases,14,15 hemato-
logic, blood viscosity and inflammatory markers were
compared between the three groups.

Design and Methods

Participants and protocol
This study was designed to compare inflammatory, hemorhe-

ological, and ANS activity markers in: i) 15 Jamaican SCA
patients with at least three episodes of acute vaso-occlusive pain
crises requiring day care16 or hospital admission, and opioid
analgesia within the previous year (frequent crisis, FSCA group);
ii) 20 Jamaican SCA patients who had not experienced any pain
crises during the year prior to recruitment (infrequent crisis,

IFSCA group); and (iii) 24 healthy Jamaican subjects without
hemoglobinopathy (controls, CONT group). All the SCA
patients (SS homozygotes) had benefited from medical follow
up at the Sickle Cell Unit of the Tropical Medicine Research
Institute in Kingston, Jamaica, for several years and were in
steady-state condition at the time of their recruitment to the
study. Steady state was defined as a period without blood trans-
fusions within the previous four months and the absence of
acute episodes (infection or vaso-occlusive crisis) for at least one
month before enrolment in the study. The stratification of SCA
patients according to the frequency of crisis was similar to that
used by Phillips et al.17 and Platt et al.,18 except that visits to the
Sickle Cell Unit during which narcotics were prescribed for an
episode of pain crisis were assessed as equivalent to visits to an
Accident and Emergency Department. It is currently used by
physicians from the Sickle Cell Unit of the Tropical Medicine
Research Institute in Kingston, Jamaica, to decide whether or
not they propose hydroxyurea therapy to SCA patients who are
exposed to frequent adverse acute medical events (painful
vasoocclusive crisis or acute chest syndrome). An acute event
was scored as a vaso-occlusive crisis if the pain episode lasted
for longer than one hour, the patients felt that the pain was sec-
ondary to vaso-occlusion (‘typical’ pain for them) and no other
etiology of pain was apparent, and if patients were admitted to
either the Accident and Emergency Department17,18 or the Sickle
Cell Unit16 for an acute visit. The Jamaican Sickle Cell Unit
offers comprehensive care, including acute care in an 8-bed day
care unit equivalent to an Accident and Emergency Department
five days a week, so during the week patients come to the Unit
rather than going to an Accident and Emergency Department.16

The vaso-occlusive episodes were documented in the patient’s
chart by a physician as severe pain crisis. All the information
regarding the vaso-occlusive episodes has been collected retro-
spectively and independently by a physician who was not
aware of the results of the ANS, inflammation and blood viscos-
ity studies. Documentation of pain crises covered a period of
one year before the time that holters electrocardiograms were
placed and samples were drawn for the different studies per-
formed. Exacerbation of chronic painful conditions, such as
avascular necrosis of bone or painful leg ulcers, were not consid-
ered as a vaso-occlusive crisis. Exclusion criteria were ongoing
pregnancy, known narcotic addiction, recent blood transfusion,
acute chest syndrome within the previous month, HIV infec-
tion, ischemic heart disease, or diabetes mellitus. Although half
of the SCA participants were classified as FSCA, none of them
were receiving hydroxyurea therapy. This study was approved
by the Ethics Committee of the University of the West Indies,
Mona Campus, Kingston, Jamaica, and all subjects gave their
informed consent in accordance with the declaration of
Helsinki.

Hematology and blood viscosity
Venepuncture was performed between 9:00 a.m. and 10:00

a.m. the day after holter recording. EDTA blood samples were
immediately used for measurements of hemoglobin concentra-
tion (Hb), hematocrit (Hct), mean corpuscular volume (MCV),
mean corpuscular hemoglobin concentration (MCHC), red
blood cell distribution width (RDW), platelet (PLT) and white
blood cell (WBC) counts, and percentage of reticulocytes (RET)
(Max M-Retic, Coulter, Miami, FL, USA). Fetal hemoglobin
(HbF) level was determined by high performance liquid chro-
matography (VARIANTTM, Bio-Rad Laboratories, Hercules, CA,
USA). Whole blood viscosity (ηb) was measured at moderate
and high shear rate (46 and 230 s-1) by a cone and plate viscome-
ter (Brookfield DVII+, Middleboro, MA, USA) within the first
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hour following phlebotomy, at a temperature of 37°C and
according to the recommendation of the recent guidelines on
hemorheology.19 Full oxygenation of blood was performed
before blood measurement of viscosity using the recommended
methods.19 The Hct/ηb ratio was calculated at both shear rates
and is considered a hemorheological index of oxygen transport
potential.20

Inflammatory markers
Plasma from blood collected in heparin tubes was immediate-

ly obtained by centrifugation (1,000 g, 4°C, 5 min) and stored at
-80°C for subsequent analysis. ELISA kits were used to assay the
plasma concentrations of the following cytokines and soluble
adhesion molecules: interleukin-6 (IL-6), tumor necrosis factor a
(TNF-a), soluble vascular cell adhesion molecule (sVCAM-1),
soluble CD40 ligand (sCD40L) and soluble L-selectin (sL-
selectin) (Diaclone Systems, Besançon, France; high sensitivity
kits for IL-6 and TNF-a), according to the manufacturer's
instructions. The sVCAM-1, sCD40L and sL-selectin reflected
endothelial, platelet, and leukocyte activation, respectively. The
inflammatory markers assessed in the present study were those
known to play a role in the pathophysiological mechanisms of
acute SCA complications.2,21-23

Autonomic nervous system activity
A holter electrocardiograph was placed on the chest of each

patient after clinical examination and recording had been taken
from 6:00 p.m. to 8:00 a.m. The electrocardiographic Holter sys-
tem (Novacor system, Duosoft, Rueil-Malmaison, France) was
used during the night to extract the RR interval list with a preci-
sion of 0.008 s. Each RR interval was validated before analysis.
Only the night periods were analyzed (midnight to 7 am) to
avoid variations arising from differences in the subject’s daily
environment.24 The mean heart rate (beats per minute, bpm),
and the standard deviation of all normal RR intervals (SDNN),
were calculated first. After fast Fourier transform, the power
spectrum indices were calculated as recommended by the Task
Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology.7 The high
frequency peak of the spectrum (HF, 0.15-0.40 Hz) is known to
represent parasympathetic activity, and the low frequency (LF,
0.04-0.15 Hz) represents both parasympathetic and sympathetic
activities. Additional calculations included: the very low fre-
quency power (0-0.04 Hz), the LF/HF ratio and the total frequen-
cy power (Ptot). SDNN and Ptot reflected the global autonomic
activity.7 The very low frequency of spectrum (VLF) partially
contains parasympathetic activity and is predictive of clinical
prognosis in cardiac patients.25 The LF/HF ratio has been pro-
posed as a marker for autonomic nervous system balance.7

Statistical analysis
ANS activity and biological parameters were compared

between the three groups using a one-way analysis of variance
(ANOVA) and differences between two groups were tested
using the Newman-Keuls test. The Hct and Hct/ηb ratios were
compared between the three groups using a non-parametric
ANOVA (Kruskal-Wallis test) and differences between two
groups were tested using the Dunn’s post test. Analysis of
covariance (ANCOVA) was performed on ANS parameters and
ηb in SCA patients only, while controlling for age and gender.
Correlations between age, biological and ANS parameters were
tested by Pearson’s test both in SCA patients only and in all sub-
jects. Values are expressed as means ± SD or median (25th, 75th).
The significance level was defined as P<0.05 (Statistica, v. 5.5,
Statsoft, Tulsa, OK, USA). 

Results

Hematologic and hemorheological parameters
The number of pain crises requiring parenteral opioid

analgesia in the FSCA group ranged from 3 to 8 (3.9±1.4).
No age difference was observed between the three groups
and although FSCA patients were slightly older than
IFSCA patients, the difference was not significant
between the two groups (P=0.10). Both the IFSCA and the
FSCA groups had lower values for Hb and Hct compared
with the CONT group (Table 1). Consequently, ηb meas-
ured at both shear rates was significantly reduced in the
two groups of SCA patients but the FSCA group showed
significantly greater values than the IFSCA group. Age and
ηb were neither significantly correlated in the combined
SCA group (FSCA and IFSCA patients; r=0.019 and 0.059,
and P=0.92 and 0.76, for ηb at 46 s-1 and 230 s-1, respective-
ly), nor in the three groups (r=0.026 and 0.074, and P=0.85
and 0.60, for ηb at 46 s-1 and 230 s-1, respectively). No dif-
ference in ηb was observed between males and females.
When controlled for age and gender, the differences in ηb
between the two SCA groups remained significant, indi-
cating that frequency of pain crisis was associated with
elevated blood viscosity. The Hct/ηb ratio at the shear rate
of 46 s-1 was higher in the IFSCA group than in the FSCA
group and did not differ from the CONT group. Although
the FSCA group had a lower value than the CONT group,
the difference between these two groups did not reach
statistical significance. At the shear rate of 230 s-1, the
Hct/ηb ratio was reduced in the FSCA group as compared
with both the IFSCA and the CONT groups, with no dif-
ference between the two latter groups. There was no dif-
ference in MCHC between the three groups. There was
no statistical difference in MCV between the IFSCA group
and the CONT group whereas FSCA patients showed
greater values than the CONT group. When the two SCA
groups were combined, SCA patients had greater MCV

Table 1. Hematologic and hemorheological parameters in the three studied
groups.

CONT (n = 24) IFSCA (n = 20) FSCA (n = 15)

Sex ratio (M/F) 13/11 9/11 5/10
Age (years) 31.9±9.2 26.5±9.0 31.3±8.4
Hb (g/dL) 12.7±2.0 7.5±2.1 *** 7.7±1.4 ***
Hct (%) 39.5 (36.2, 43.9) 21.6 (18.9, 23.3) *** 23.1 (19.4, 25.4) ***
MCV (fl) 83.1±14.3 89.0±8.8 92.0±7.8 *
MCHC (g/dL) 34.3±11.7 33.8±1.6 33.9±2.0
PLT (109/L) 256±129 383±220 * 393±119 *
WBC (109/L) 6.4±2.4 12.0±4.8 ** 10.5±3.5 **
RET (%) NA 10.8±3.7 10.4±3.9
HbF (%) NA 6.2±3.6 8.1±4.8
ηb at 46 s-1 (mPa/s) 8.31±2.67 4.00±2.24 *** 5.76±0.78 ***§

ηb at 230 s-1 (mPa/s) 3.18±0.76 1.87 ± 0.75 *** 2.38±0.41 ***§

Hct/ηb at 46 s-1 4.5 (4.2, 5.5) 5.1 (3.9, 10.2) * 4.2 (3.6, 4.5)§

Hct/ηb at 230 s-1 11.9 (11.2, 13.5) 11.2 (8.4, 17.4) 10.0 (8.8, 10.6)*§

Values are expressed as mean ± SD, except for Hct and Hct/ηb parameters, which are expressed
as median (25th, 75th). Hb: hemoglobin concentration; Hct: hematocrit; MCV: mean corpuscular
volume; MCHC: mean corpuscular hemoglobin concentration; PLT: platelet count; WBC: white
blood cell count; ηb: blood viscosity; NA: non-available. Statistically different from CONT group
(*P<0.05; **P<0.01; ***P<0.001); statistically different from IFSCA (§P<0.05).
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than the CONT group. White blood cell and platelet
counts were higher in the two SCA groups with no differ-
ence between them. There was no difference in RET and
HbF levels between the IFSCA and FSCA groups.

Parameters of autonomic nervous system activity
Heart rate was higher in the two SCA groups than in the

CONT group, as confirmed by the decrease in RR inter-
vals of the IFSCA and the FSCA groups (Table 2). The
indices reflecting the global autonomic nervous system
activity (i.e. SDNN and Ptot), as well as VLF and LF, were
decreased in the two groups of SCA patients compared to
the CONT group, with no significant difference between
the two SCA groups. There was no significant difference
in the index of parasympathetic activity (HF) between the
IFSCA and the CONT groups (P=0.09) but HF was lower
in the FSCA group compared with the IFSCA and the
CONT groups (Table 2). The index of autonomic nervous
system balance (LF/HF) was also greater in the FSCA
group than both the CONT and the IFSCA groups.
Controlling for gender had no impact on the associations
observed between the SCA groups with HF and LF/HF.
When adjusted for age, however, there was no significant
difference in HF or LF/HF between the SCA groups. HF
was significantly related with age in the combined SCA
group (r = -0.48; P<0.01) and in the three groups (r = -0.31;
P<0.05).  No correlation was found between hemorheo-
logical parameters and ANS activity in the SCA groups.

Inflammatory markers
Levels of inflammatory markers are shown in Table 3.

The two groups of SCA patients had greater values than
the CONT group, but no significant difference was
observed between the FSCA and the IFSCA groups. TNF-
a levels were very low in the two SCA groups with no dif-
ference observed between them (data not shown). None of
the inflammatory molecules were correlated with ANS
activity in any of the SCA patients (data not shown). 

Discussion

The major findings of the present study are that, in
steady state conditions: i) FSCA patients had higher blood
viscosity than IFSCA patients, and this was not dependent
on age; ii) patients with SCA had lower parasympathetic
activity and greater sympatho-vagal imbalance than con-
trols. 
Epidemiological studies have demonstrated that low

HbF level and increased Hb and/or Hct level are risk fac-
tors for vaso-occlusive crisis.5,18,26 This has been rational-
ized by the resulting increased viscosity of high hemat-
ocrit sickle cell blood that may impair microvascular blood
flow and cause tissue infarction.5 Indeed, it has been pro-
posed that SCA patients may exhibit a viscosity-vaso-
occlusive phenotype which is predominant in vaso-occlu-
sive pain crisis and other clinical manifestations, such as
acute chest syndrome or osteonecrosis.5 Our data support
these findings since FSCA patients had higher blood vis-
cosity than IFSCA patients. Surprisingly, Phillips et al.17 did
not find any association between blood viscosity (or Hct)
and frequency of pain crisis in patients with SCA. That
could be due to the limited sampling size in their study (16
SCA subjects analyzed), and also to the fact that viscosity
was measured in HEPES-buffered saline solution after

washing the red blood cells twice and Hct adjustment to
90%; conditions clearly different to the physiological situ-
ation. Although there was no significant difference in Hct
between the two SCA groups, the median Hct was slight-
ly greater in the FSCA group than in the IFSCA group.
Since Hct is the main determinant of whole blood viscos-
ity, it could be suggested that the higher ηb found in the
FSCA patients was attributed to the difference in Hct. In
addition, the lower Hct/ηb ratio observed in the FSCA
patients supports the hypothesis that other still unidenti-
fied blood rheological factors may also be involved in the
blood hyperviscosity observed in the FSCA group. 
Our results on ANS activity are in agreement with those

of Pearson et al.10 and Inamo et al.9 showing that SCA
patients present an altered global autonomic nervous sys-
tem activity (reduced SDNN and Ptot) compared with
healthy subjects.9,10 It has been suggested that the
decreased VLF and LF indices in SCA are involved in the
alteration of the autonomic nervous system activity in
SCA patients.9 Our results also demonstrated that SCA
patients with frequent pain crises had impaired parasym-
pathetic activity (low HF value) and marked sympatho-
vagal imbalance when compared with both the SCA
group with no pain crisis during the previous year and the
CONT group. Autonomic nervous system imbalance has
been observed in various diseases, such as diabetes,27 celi-
ac disease,28 or fibromyalgia,29,30 and has been shown to be
related to clinical severity and pain. However, in SCA, it is
unclear whether the changes in ANS activity predate the
occurrence of pain crises or are a consequence of them. In
patients with b-thalassemia major, as in other forms of
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Table 2. Parameters of autonomic nervous system activity in the three
studied groups.

CONT IFSCA FSCA

HR (bpm) 62±8 72±9 ** 74±8 **
RR interval (ms) 988±140 842±97 *** 814±80 ***
SDNN (ms) 105.7±25.3 85.2±23.2 * 81.2±19.1 *
Ptot (ms2/Hz) 3,360±1,787 1,637±944 *** 1,118±611 ***
VLF (ms2/Hz) 1,956±1,189 818±437 *** 602±300 ***
LF (ms2/Hz) 736±417 342±208 *** 279±175 ***
HF (ms2/Hz) 668±340 476±363 237±173**§ #

LF/HF 1.30±0.40 1.42±0.86 1.94±1.02*§ #

Values are expressed as mean ± SD. HR: heart rate; SDNN: standard deviation of all nor-
mal RR intervals; Ptot: total power of the spectrum; VLF: very low frequency; LF: low fre-
quency; HF: high frequency. Statistically different from CONT group (*P<0.05; **P<0.01;
***P<0.001); statistically different from IFSCA (§P<0.05). # When adjusted for age,  no
significant difference was detected between IFSCA and FSCA groups. 

Table 3. Plasmatic concentrations of inflammatory markers in the three
studied groups.

CONT IFSCA FSCA

IL-6 (pg/mL) 1.0±1.4 3.2±2.7** 2.3±1.5*
sCD40L (ng/mL) 2.7±1.2 4.5±2.3* 5.1±3.2*
sVCAM-1 (ng/mL) 750±218 1524±499*** 1340±663***
sL-selectin (ng/mL) 619±292 1008±311** 877±442*

Values are expressed as mean ± SD. IL-6: Interleukin-6; sCD40L: soluble CD40 ligand;
sVCAM-1: soluble vascular cell adhesion molecule 1; sL-selectin: soluble L-Selectin.
Statistically different from CONT group (*P<0.05; **P<0.01; ***P<0.001).



anemia, the decreased ANS activity and impaired sympa-
tho-vagal balance has been attributed to the chronic ane-
mia which may lead to a persistent sinus tachycardia and
a sustained decrease in autonomic fluctuations.31
However, this hypothesis does not explain why FSCA
patients had lower parasympathetic activity than IFSCA
patients; the two groups exhibited similar low Hb and Hct
levels. It is important to note that age and HF were signif-
icantly and negatively correlated in the combined SCA
group, as well as in all three groups. In addition, when
controlling for age, there was no longer any difference in
HF or LF/HF between the two SCA groups. Although the
difference in age between the IFSCA and the FSCA
patients did not reach statistical significance, these results
suggest that age has played a role in the decline of
parasympathetic activity in our SCA patients, as is the
case in healthy populations,32,33 indicating that FSCA
patients have greater sympatho-vagal imbalance than
IFSCA patients. Further studies are needed to investigate
whether aging and ANS dysfunction are closely related or
not to each other in SCA, and whether they play an inde-
pendent role in SCA pathophysiology and severity.
Recent studies described a causal link between ANS

activity and inflammation modulation.15,34,35 Stimulation of
the vagal nerve, for instance, stimulates the release of
acetylcholine, which inhibits the production of pro-
inflammatory cytokines by white blood cells.36,37
However, we found no association between ANS activity
parameters and inflammatory markers in SCA patients,

and similarly no difference in inflammation between the
FSCA and the IFSCA groups. Thus, although ANS activity
impairment could be thought to play a role in the patho-
physiology of SCA, the present study did not show a
physiological link with inflammation. Further studies are
clearly warranted to clarify the relationship between
altered ANS activity and SCA severity.
A limitation of our study was the small sample size.

This was, however, comparable to many papers concern-
ing ANS activity in the literature.10,13,14,38 None the less,
these findings add to the small body of literature concern-
ing SCA disease severity, viscosity and ANS activity.
In conclusion, the present study demonstrates that both

ANS activity and blood viscosity are impaired in patients
with SCA showing a high frequency of pain crisis. Further
studies are needed to address ANS activity in other condi-
tions, such as during vaso-occlusive episodes, to define
more precisely its role in the pathophysiological mecha-
nisms of SCA.
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