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Abstract
Sickle cell disease (SCD), a genetically-determined pathology due to an amino acid substitution
(i.e., valine for glutamic acid) on the beta-chain of hemoglobin, is characterized by abnormal
blood rheology and periods of painful vascular occlusive crises. Sickle cell trait (SCT) is a
typically benign variant in which only one beta chain is affected by the mutation. Although both
SCD and SCT have been the subject of numerous studies, information related to neurological
function and transfusion therapy is still incomplete: an overview of these areas is presented. An
initial section provides pertinent background information on the pathology and clinical
significance of these diseases. The roles of three factors in the clinical manifestations of the
diseases are then discussed: hypoxia, autonomic nervous system regulation and blood rheology.
The possibility of a causal relationship between these three factors and sudden death is also
examined. It is concluded that further studies in these specific areas are warranted. It is anticipated
that the outcome of such research is likely to provide valuable insights into the pathophysiology of
SCD and SCT and will lead to improved clinical management and enhanced quality of life.
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1. Introduction
Sickle cell disease (SCD) is one of the most common genetic disorders that affects 1/400
individuals of African descent as well as people of Arab, Indian and Hispanic descents. It
was the first genetic disorder in which the molecular abnormality, i.e., a single point
mutation, was precisely defined: the normal codon GAG at position beta-6 is replaced by
GUG, inserting a hydrophobic valine in place of a glutamic acid. This leads to the synthesis
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of sickle hemoglobin S (HbS) rather than the normal hemoglobin A (HbA). HbS undergoes
solgel transformation under low oxygen tensions, which results in polymer formation within
the red blood cells (RBC), with the kinetics of polymerization varying as the 30th power of
hemoglobin (Hb) concentration (i.e., MCHC). Gel formation leads to profound
hemorheological changes: 1) RBC become distorted into elongated or spiculated shapes,
resulting in their characteristic “sickle” appearance; 2) The deformability of sickled cells is
greatly reduced such that they are unable to traverse small vessels of the microcirculation; 3)
Multiple sickle cells arriving simultaneously at the entrance of a vascular branch may be
unable to negotiate the restriction, thus blocking local circulation and causing ischemia.

In addition to the significant hemorheological alterations, homozygous SCD is also
characterized by chronic, severe hemolytic anemia with hematocrit (Hct) values as low as
20%. While the low Hct may offset the increase in blood viscosity owing to reduced RBC
deformability, significant amounts of Hb are released into the plasma as intravascular
hemolysis occurs. Free Hb is known to scavenge nitric oxide (NO), one of the most potent
naturally occurring vasodilators, thereby leading to endothelial dysfunction in this patient
population.

Endothelial dysfunction, combined with altered hemorheological parameters and
inflammation, markedly affects in vivo blood flow, and individuals with homozygous SCD
often suffer severe vasoocclusive complications such as repeated periods of painful crises,
acute chest syndrome, stroke and priapism. The sickling process is continuous in these
patients, even when they are in a symptom free, steady state condition; to date, only a few
factors have been identified as triggers for the transition to widespread crisis. These include
transient episodes of hypoxia (e.g., sleep apnea) and a decrease in local perfusion, often due
to elevated local blood viscosity. Intense research in this area is imperative because
vasoocclusive complications significantly reduce the quality of life, impair cognitive
function, lead to organ damage and, ultimately, increased mortality. Interestingly, a
significant number of premature deaths in SCD patients remain unexplained “sudden
deaths”, presumed to be of cardiac origin with no specific cause identified at autopsy.
Literature data for patients with congestive heart failure (CHF) often relates sudden death to
the loss of beat-to-beat heart rate variability (HRV), a non-invasive measure of autonomic
nervous activity. Although cardiovascular autonomic dysfunction has been reported for SCD
and sickle cell trait carrier patients (SCT) by several groups [17,27], its possible relationship
to a known risk factor for crisis has not yet been evaluated.

Current treatment strategies for SCD rely on symptomatic patient management, a limited
number of drugs that reduce intracellular HbS polymerization upon deoxygenation, and
transfusion therapy with compatible HbA red blood cells. Regular transfusions are utilized
to 1) Lessen the number of rigid HbS containing red cells in the circulation thereby
improving blood viscosity and blood flow; 2) Decrease hemolysis; 3) Suppress production
of RBC containing HbS in the bone marrow. Although transfusion therapy does not stop
acute pain crisis related to slow blood flow and local ischemia, it is relatively effective in
decreasing complications that involve high shear flow regions (e.g., major stroke, acute
chest syndrome). Current guidelines for optimal post-transfusion Hct and HbS concentration
were not established by controlled clinical trials but rather are based on decades of clinical
experience and an in vitro study performed under non-physiological conditions [42]. As
detailed below, we have examined the oxygen delivery potential of sickle (SS) and normal
(AA) RBC mixtures that closely simulate the in vivo effects of transfusion therapy and have
also explored the effects of shear rate on the optimal Hct of these mixtures.
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2. Hypersensitivity of heart rate variability to hypoxia in homozygous sickle
cell disease

Hypoxia is thought to be one of the most common triggers of sickle crisis. Hargrave et al.
have shown that low nocturnal oxygen saturation is associated with higher incidence of
painful crisis in childhood (p < 0.0001) [24]. In SCD patients, nocturnal hypoxemia is a
good predictor of central nervous system (CNS) complications [31]. Approximately 40% of
patients with mean overnight oxygen saturation of 95% or less suffered a CNS event within
5 years of follow-up. In contrast, less than 10% of patients with mean overnight oxygen
saturation of 96% or above had any CNS complications during the same time period. To
explore the effects of transient hypoxia in SCD, we induced transient hypoxia in subjects
with SCD and monitored the physiological responses.

Controls and patients breathed five breaths of 100% nitrogen, which lead to short-term
hypoxia and mimic that experienced during sleep. Heart rate variability studies were
performed at Childrens Hospital Los Angeles according to the Declaration of Helsinki and
the study was approved by the local Institutional Review Board. Vital signs, ECG, and tidal
volume were among the parameters continuously monitored and recorded during the study
period.

When we analyzed heart rate variability (HRV) from the ECG tracing, significant
differences in autonomic nervous system (ANS) activity were seen. It is commonly accepted
that parasympathetic (i.e., vagal) activity is the major contributor to the high-frequency (HF,
0.15–0.4 Hz) components of HRV, while both vagal and sympathetic activities contribute to
its low-frequency (LF, 0.04–0.15 Hz) components. Thus, the power of HRV in the HF band
has widely been used to quantitatively describe vagal activity and the ratio of LF to HF
spectral powers have been utilized as a broad index of “sympathovagal balance” [45]. To
detect rapid changes in HRV following a hypoxia stimulus, we applied a time-varying
modification of the traditional HRV computation, a methodology based on a recursive
autoregressive algorithm previously used by our group [11]. In addition, we adapted the
technique reported by Khoo et al. [30] to compensate for HRV variability caused by
respiration using the continuous tidal volume signal.

HRV indices related to the parasympathetic activity (0.15–0.4 Hz) decreased significantly in
SCD subjects 10 sec following the initial drop in oxygen saturation (SaO2) (t = 0; Fig. 1)
while no significant changes were observed in normal controls. Although there was a
tendency for indices related to the sympathovagal balance to increase following the stimulus
in the patient group, the change was not significant (Fig. 2). Our method adjusting for the
effects of ventilation on HRV made possible for a more-detailed study of non-respiratory
evoked autonomic changes, thereby rendering all changes in the SCD group more apparent
(Figs 1b and 2b). After respiratory adjustment, it is clear that vagal tone is readily reduced in
subjects with SCD following transient hypoxia, resulting in the substantial increases of heart
rate in this cohort following the stimulus. This finding is consistent with the reports by
Pearson et al. that SCD children who exhibit a greater parasympathetic withdrawal during
challenges suffered from more clinically severe disease [39].

Although the exact pathomechanism for HRV hypersensitivity and its direct link to sickle
crisis are not yet known, multiple mechanisms have been proposed: 1) Alterations of blood
viscosity: Multiple groups have shown that, due to the sickling of RBC, the viscosity of SS
blood increases significantly with decreasing oxygen saturation [35,49]. Recent evidence
also suggests a direct correlation between altered blood rheology and multiple HRV indices
[16]; 2) RBC adhesion: Literature data suggests that the adhesion of SS RBC to vascular
endothelium increases the response of β2-adrenegic receptors to adrenaline stimulation [23]
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and hence has a critical role in dilating vessels throughout the circulatory system. Hines et
al. have demonstrated that peripheral SS RBC contain significantly higher amounts of
cAMP than normal AA cells [26]. The group also reported that exposure to epinephrine
further elevates intracellular cAMP and increases SS RBC adhesion to endothelium. These
mechanisms might contribute to the initiation and progression of vasoocclusive crisis in
SCD as well as to the abnormal ANS responses in this group of patients; 3) Inflammation: A
growing number of investigators have suggested inflammation is an essential feature of
vasoocclusive crisis. SCD patients have higher than normal white blood cell counts and
elevated levels of inflammatory markers [9]. In addition, a close association was suggested
between inflammation and altered ANS activity [47] with inflammation being mediated, at
least in part, through the parasympathetic nervous system.

Our preliminary work demonstrated a clear causal relationship between transient hypoxia
and alterations of HRV in SCD that was not present in normal subjects, and suggests that a
heightened hypoxia-induced ANS imbalance is at play in subjects with SCD. The signal
processing technique employed herein allowed us to directly study the non-respiratory-
derived components of autonomic function that, we believe, may be important in the
fundamental pathology of SCD. Further studies are needed and are under way.

3. Autonomic nervous system activity and hemorheological impairment in
sickle cell trait carriers

As detailed above, HRV depends primarily on the balanced activity of the autonomic
nervous system. After obtaining a baseline electrocardiogram, further data processing may
be performed, such as time domain and spectral analyses, that provide valuable information
to characterize sympathovagal balance [46] (Fig. 3). A decrease in ANS activity is widely
recognized as a predictor for severe cardiac and cerebral complications and death of any
cause in the general population [32,46].

Although sickle cell trait (SCT) is generally considered a benign condition [4,6], recent
evidence suggests that it can be considered a risk factor for cardiovascular complications as
a higher prevalence of coronary artery disease [38] and venous thromboembolism [5] have
been reported in this population compared to controls. In addition, several studies have
shown elevated blood viscosity, decreased RBC deformability and higher plasma
concentrations of soluble adhesion molecules in this group of patients [11,13,19,36,37,40]. It
has been widely debated whether these abnormalities contribute to the higher prevalence of
exercise-related sudden death in this population [5,7,18,33] with no direct association
established to date. We believe that ANS dysfunction might serve as the common link [20]
and thus, we investigated the rheology of blood and the activity of ANS in SCT patients at
rest and following strenuous exercise.

We previously compared resting ANS activity and blood rheology between twenty three
SCT patients and seventeen control subjects. We found hemorheological parameters to be
markedly different between the two populations [17], with the patient group having elevated
blood viscosity, reduced RBC deformability and decreased hematocrit (Hct) to blood
viscosity ratio (HVR, often referred to as oxygen transport effectiveness of blood [22]; Fig.
4). We also documented lower ANS activity (i.e., lower standard deviation of all normal RR
intervals, i.e., SDNN index) in SCT subjects when compared to the control group. As
indicated by the HF component values, low ANS activity was primarily due to the low
activity of the parasympathetic system. The positive correlation between HVR and SDNN
suggests that global autonomic control might be significantly affected by the
hemorheological profile (Fig. 4). The observed negative correlation between RBC rigidity
and parasympathetic activity [16] further supports our suggestion. Reduced parasympathetic
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activity might be considered as a logical physiological adaptation mechanism to compensate
for elevated blood viscosity in order to maintain adequate blood flow and tissue oxygen
supply. In addition, results by Sangkatumvong et al. [41] (detailed above), showed a direct
relationship between hypoxia and altered HRV suggesting that hypoxia, autonomic
dysregulation and impaired blood rheology are interacting factors promoting sickle crisis.

Medical complications are relatively rare in SCT and mostly develop in response to
strenuous physical exercise. To examine this observation in more detail, we compared the
changes in hemorheological profile and ANS activity in 7 SCT and 6 healthy controls in
response to strenuous exercise [25,48]. ANS activity and rheological parameters were
measured one day prior to the test and one and two days after completing the exercise
protocol. Results obtained on the day immediately following the exercise showed that RBC
rigidity increased above baseline in both study groups and remained elevated two days after
the exercise. However, the increase was significantly higher (approximately two-fold) in
SCT carriers than in controls [48]. By analyzing the evolution of the spectral power of heart
rate variability (Ptot), an index known to reflect global ANS activity, exercise had similar
effects in both groups as ANS activity decreased below baseline the night following the
stress test then returned to pre-exercise values by the second day. However, values measured
in SCT subjects were always lower than those recorded for controls, thus indicating
permanent alterations in their ANS activity. Again, the reduced ANS activity caused by
decreased parasympathetic activity might represent a physiologically logical but clinically
dangerous ANS response attempting to compensate for the reduced amounts of oxygen
delivered by RBC in SCT individuals.

Whether this sympathovagal imbalance itself represents an enhanced risk for cardiovascular
complications in SCT subjects remains unclear and further studies are clearly warranted.
Fortunately, most individuals with SCT have no major difficulty participating in competitive
sports and are without complications; the overall incidence of sudden death in this
population is relatively rare. It seems likely that altered ANS activity alone may not explain
all exercise-related sudden deaths reported for SCT patients [29]. However, ANS
dysfunction might enhance the risk for cardiovascular complications in this population when
combined with other risk factors such as altered hemorheological parameters [48] and
extreme climatic conditions (e.g., warm and humid environment [29]). Large scale cohort
studies are needed to identify sub-profile of ANS activity in SCT subjects.

4. Hemorheological aspects of transfusion therapy in patients with sickle
cell disease

Transfusion of normal, AA RBC is commonly utilized in the management of patients with
SCD since it is effective for preventing or reversing severe complications of the disease
[15,44,48,50,51]. The primary aims of transfusion therapy in SCD are to improve the
reduced oxygen delivery potential of blood [12] due to the patient’s severe anemia and to
enhance tissue perfusion by reducing the proportion of rigid, sickled red cells. However, the
corresponding increase in hematocrit (Hct) increases blood viscosity [1,14], which, in
situations where hyperviscosity syndrome develops, reduces blood flow, compromises tissue
perfusion and prompts severe clinical complications [43].

Current guidelines for optimal post-transfusion Hct and HbS concentration are based on
decades of clinical experience and an in vitro study that introduced the concept of “optimal”
Hct [42]. This optimum is obtained by examining the ratio of Hct divided by blood viscosity
(i.e., the HVR) versus Hct and determining the Hct value where the HVR is the greatest;
thus, the HVR is regarded as a reflection of the oxygen transport effectiveness of blood.
However, this early in vitro study of optimal Hct was performed with suspensions of RBC in
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buffer rather than in plasma, thereby excluding physiologically relevant plasma protein-
mediated RBC-RBC adhesive interactions. We designed a study to investigate the viscosity
and oxygen delivery potential of SS + AA RBC mixtures in autologous sickle plasma, a
protocol that closely simulates transfusion therapy and allows examining the effects of shear
rate on the optimal Hct.

Blood samples were collected into vacuum tubes containing EDTA (1.5 mg/ml) from adult
steady state SCD patients seen regularly at the USC Comprehensive Sickle Cell Center.
Patients had not been transfused for at least 90 days prior to enrollment. ABO- and Rh-
matched AA RBC were obtained from healthy volunteers and cells were confirmed for
compatibility using immediate spin crossmatch. SS RBC were combined with autologous
plasma and AA cells to produce suspensions at 25%, 30% and 40% Hct, with each
containing 25%, 50%, 75% or 100% SS RBC. All samples were deoxygenated using a
humidified mixture of 95% nitrogen and 5% carbon dioxide to an average pO2 of 15–20
mmHg. Viscosity was measured at 37°C over a continuous, physiologically relevant shear
rate profile (1 to 1000 s−1) using a computer-controlled tube viscometer system
(RheologTM, Rheologics Inc., Exton, PA; [2,52]).

As anticipated from previous reports, the viscosity of both SS and AA blood exhibited non-
Newtonian, Hct-dependent flow behavior: viscosity increased with decreasing shear and
increasing Hct, with the effects of Hct most evident at low rates of shear (data not shown).
Also consistent with literature data, viscosity values obtained for SS blood were slightly
above control values even when oxygenated and, at constant Hct and percent SS RBC,
increased significantly under deoxygenated conditions [35,49]. When reducing the
proportion of sickle cells from 100% to 75%, 50% or 25% to simulate the effects of simple
or exchange transfusions, there were marked decreases in blood viscosity at all shear rates
and Hct values.

Using our data, we calculated the oxygen transport effectiveness (i.e., HVR) of each sample
at a wide range of shear rates. In agreement with prior reports [1], increasing Hct yielded a
biphasic relation for HVR at high shear rates (75–1000 s−1): all curves reached a maximum
value representing an optimal Hct for HVR (Fig. 5), and the optimal Hct increased
progressively with the percentage of AA RBC (data not shown). However, no optimum Hct
could be determined at low shear rates (3–11 s−1): regardless of percent AA RBC,
increasing Hct led to a progressive decrease of HVR. The influence of Hct and percent SS
RBC on HVR were evaluated for a typical, guideline-based transfusion protocol (i.e.,
increase Hct from 20% to 35%, reduce percent SS RBC from 100% to 50%; see Fig. 5). As
demonstrated by the upper arrow, HVR improved by approximately 15% at 300 s−1 while
there was an approximately 12% decrease in oxygen transport effectiveness at the lower
shear rate (5 s−1; lower arrow). Thus our findings at high shear rates are consistent with
previous studies performed in a non-aggregating buffer [28,42], while no optimum Hct for
transfusion appears to exist at low shear rates.

The differences between the results of the present and previous studies at lower rates of
shear are most likely due to the use of different suspending media: our experiments were
performed in the sickle patients autologous plasma rather than in a non-physiological buffer.
Our approach allows a more realistic modeling of in vivo conditions following transfusion
therapy [14], primarily because it considers the non-Newtonian effects caused by plasma-
mediated RBC–RBC interactions in low shear regions. Comparable lower shear rates are a
normal finding in post-capillary venules [1,10,14], and these shear rates may be further
reduced by hypotension, shock or vasoocclusive episodes [15,48,51]. Thus, the “optimal”
Hct may depend not only on the percentage of HbS, but also upon the prevailing shear rates
in the relevant organ or tissue (e.g., lung, brain, bone marrow) and the clinical condition of
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the patient. In summary, our results strongly suggest the need to consider local flow
conditions as well as Hct and percent SS RBC when evaluating the specific effects of
transfusion therapy in sickle cell disease.

5. Conclusions
The data presented herein suggest that the pathophysiology of SCD is independently related
to hypoxia, blood viscosity and autonomic nervous system regulation, and that all these
parameters are closely related to each other. Given the high frequency of unexplained
sudden deaths in patients with SCD and the known association of autonomic dysregulation
with sudden death in patients with cardiovascular disease [21], it is clear that further studies
of the relationship between these parameters are needed that will likely provide important
insights into the pathophysiology and clinical management of sickle cell disease.
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Fig. 1.
Time course of the parasympathetic HRV indices. o Indicates significant difference between
control and SCD subjects ( p < 0.05). * Indicates significant difference from the baseline of
the same time-course ( p < 0.05). (a) High frequency power of HRV (HFP), (b) adjusted
high frequency power (aHFP).
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Fig. 2.
Time course of the sympathovagal balance indices. o Indicates significant difference
between control and SCD subjects ( p < 0.05). (a) Ratio between high frequency and low
frequency powers (LHR), (b) adjusted ratio between high frequency and low frequency
powers (aLHR).
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Fig. 3.
Left side: RR interval series. Time domain analysis allows the calculation of indices such as
standard deviation of all normal RR intervals (SDNN), known to reflect global ANS
activity. The proportion of adjacent normal RR intervals differing more than 50 ms from the
preceding RR (PNN50) reflects the parasympathetic activity. Right side: Power spectrum
density. Spectral analysis allows us to estimate sympathovagal balance with various
calculated indices, such as: Total power of the spectrum (Ptot), High frequency of the
spectrum (HF), Low frequency of the spectrum (LF) and LF/HF ratio. These reflect global
ANS activity, parasympathetic activity, parasympathetic and sympathetic activities and
sympathovagal balance, respectively.
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Fig. 4.
Hemorheological parameters and ANS activity in controls with HbA (CONT group, black
bar) and in SCT carriers (SCT group, white bar); *difference between the two groups ( p <
0.05). (a): Blood viscosity at 225s−1; (b): RBC rigidity index derived from viscometry data
obtained at 225s−1; (c): hematocrit-blood viscosity ratio calculated for a shear rate of
225s−1; (d): SDNN; (e): HF. (f) Corresponds to the relationship between the hematocrit-
blood viscosity ratio and SDNN. (Modified from Connes et al. [16].)
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Fig. 5.
Oxygen transport effectiveness (i.e., HVR) of samples at a selected high (300 s−1) and a
selected low (5 s−1) shear rate. While at high shear all curves reached a maximum value
representing an optimal Hct for HVR, no such optimum Hct could be determined at low
shear rates. Arrows represent the influence of Hct and percent SS RBC on HVR for a
typical, guideline-based transfusion protocol (i.e., increase Hct from 20% to 35% and reduce
proportion of SS RBC from 100% to 50%). Figure modified from Alexy et al. [3].
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