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Abstract

In adults, the sickle cell solubility test (SCST) is the most common
screening test to determine the presence of hemoglobin S (HbS)
within a blood sample. The assay is inexpensive, rapid, highly sensi-
tive and specific. However, the SCST cannot accurately quantify the
level of HbS in a test sample and requires confirmatory testing to
distinguish between sickle trait and sickle cell disease. Despite these
limitations, it remains the standard screening tool for HbS in a variety
of settings such as screening in the US military or by the National
Collegiate Athletic Association. With an increased awareness of the
importance of screening for sickle cell in adults, we herein describe
the current sensitivity, specificity, positive predictive value, and nega-
tive predictive value of this test. We also review overall clinical utility
of this laboratory measure and briefly discuss new point-of-care tech-
niques designed to overcome the SCST’s shortcomings.
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Sickle Cell Screening With the Sickle Cell Solu-
bility Test (SCST)

The ability to screen patients for sickle cell disease (SCD) was
established with the development of the SCST. The SCST,
commonly known as “sickle prep” is a qualitative assay used
to detect the presence of hemoglobin S (HbS) within a blood
sample. The SCST was discovered in 1949 following the
discovery that sodium dithionate, a reducing agent, induced
sickling of red blood cells by deoxygenation of HbS [1, 2].
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Subsequently, this technology was refined in the 1970s when
Ortho Diagnostics developed an assay under the trade name
Sickledex® analogous to the modern “sickle prep” [2, 3]. The
SCST was standardized following the formation of the Hemo-
globinopathy Reference Laboratory at the Centers for Disease
Control and Prevention (CDC) in 1972, which published pro-
cedural manuals for laboratories and offered training courses
to include the SCST until 1993 when these services were tran-
sitioned to the Newborn Screening Quality Assurance Labora-
tory [2].

The SCST relies on the property that HbS is insoluble and
precipitates in solution when mixed with a reducing agent in a
phosphate buffer [3, 4]. The most common reducing agent used
to precipitate the solution is sodium hydrosulfite, also known
as sodium dithionite [5-8]. The test is performed by adding
0.02 mL of whole blood to 2 mL of a solution of sodium hy-
drosulfite. After remaining for 2 - 5 min at room temperature,
the tubes are examined against a printed background. Blood
samples drawn from individuals with circulating HbS appear
cloudy (Fig. 1) indicating a positive test [3, 7]. A negative test
is shown by a transparent solution.

The SCST has been reported to be highly sensitive (98.9%)
and specific (100%) for detection of HbS [6]. Conversely, in
an African study of 200 patients between the age of 6 months
and 5 years, the SCST was reported to be 45% sensitive (95%
confidence interval (CI): 25.8 - 65.8) and 90% specific (95%
CI: 84.8 - 93.6) when compared with concurrent hemoglobin
electrophoresis (HE) [9]. The false positive rate was attribut-
ed to erythrocytosis, leukocytosis or hyperlipidemia but this
could not be confirmed. False negatives have been reported in
patients with severe anemia or high levels of fetal hemoglobin
(HbF) [5, 6]. We hypothesize this occurs at low HbS concen-
tration such that it is below the detection limit of the assay.

We investigated the sensitivity, specificity, positive pre-
dictive value (PPV) and negative predictive values (NPV) of
the SCST through retrospective chart review in adult patients
seen at our institution by one of our center providers. During
the initial study period (July 2023), we examined the two most
recent SCSTs compared to concomitantly drawn HE in 112
patients with known SCD. This approach yielded 200 distinct
SCST results with associated HbS levels. Twenty-four (24)
patients only had one SCST available to be analyzed. After
our primary analysis, we also examined the two most recent
SCSTs compared to concomitantly drawn HE in 16 patients
with sickle cell trait (SCT) and one patient without SCD or
SCT (AA genotype). SCT patients who were positive for the
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Figure 1. Sickle cell solubility test in the laboratory. The presence of hemoglobin S is marked by a turbid solution (on the left).
The control solution is clear, allowing for visualization of the lines (right).

SCST were considered a false positive for the SCST. Four (4)
patients had two SCSTs with concomitantly drawn HE, allow-
ing for 20 samples to be examined. Combined, this yielded a
total of 220 SCST samples to be analyzed. Twenty-five indi-
viduals (or 22% of the 112 SCD patients) underwent red cell
exchange during this period. Patient information was de-iden-
tified after the initial data collection.

Six (6) of the 220 samples were negative for the SCST
(Fig. 2). Four (4) out of the six patients were SCD patients
who had undergone red cell exchange, one patient was heav-
ily transfused prior to SCST collection, and the last was the
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hemoglobin AA patient. Using the presence of SCD as the
true disease status, the overall sensitivity and specificity of the
SCST was 97.5% and 5%, respectively. The PPV was 91%
and the NPV was 17% based on the prevalence in this clinic
population. Two hundred seven samples had HbS levels 15%
or above, and these were all positive for the SCST. However,
all six samples that were negative by the SCST were included
in the 13 samples that had HbS levels below 15%. When cor-
recting for HbS concentration, calculated as the HbS% multi-
plied by the total hemoglobin from the complete blood count,
the limit of detection appears to be approximately 1.2 g/ HbS.
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Figure 2. Hemoglobin S (HbS) percentage with concomitant sickle cell solubility testing (SCST) in 220 distinct samples in pa-
tients with sickle cell disease (SCD), sickle cell trait (SCT) or HbAA. These samples were taken from 112 patients with SCD of
all genotypes, 16 patients with SCT, and one patient without SCD or SCT. SCD patients were further subdivided by genotype:
HbSS, HbSC, HbS-beta thalassemia null, or HbS-beta thalassemia positive. Of the 220 samples, five were false negative (large
circles). These all occurred at an HbS level < 15%. This subset is highlighted in the blue subsection with individual negative
values indicated by the large circles.

Based on our analysis, the SCST is sensitive to detect HbS in As the SCST is a qualitative test, it cannot distinguish be-
patients with SCD, with limitations once the HbS levels are tween SCT and sickle cell anemia, nor does it quantify the de-
less than 15% or the HbS concentration is less than 1.2 g /L gree of HbS. Given these limitations, the sickle solubility test
HbS. is not used for newborn screening programs as the dilutional
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effect of HbF can persist up to 6 months and this would pre-
dictably be associated with false negative results [5, 10, 11].
Newborn screening in the United States began after the mul-
ticenter Cooperative Study of Sickle Cell Disease (CSSCD)
identified that children with SCD had a 20% case fatality rate
from pneumococcal sepsis, and that daily prophylactic dos-
ing of penicillin was associated with 84% reduction in inci-
dence of infection in the subsequent Prophylactic Penicillin
Study published in 1986 [2, 12]. This findings prompted the
National Heart, Lung and Blood Institute (NHLBI) at the Na-
tional Institutes of Health (NIH) to recommend universal new-
born screening in 1987 as part of the “Newborn Screening for
Sickle Cell Disease and Other Hemoglobinopathies” Confer-
ence [2, 13]. Despite increased available funding, the uptick
of universal newborn screening was slow and did not become
standard procedure across the United States until 2007 [2, 11].
Newborn screening utilizes more labor-intensive procedures
such as isoelectric focusing and high-performance liquid chro-
matography [11]. In the last decade, there has been renewed
interest in adult screening following reports of adverse out-
comes with adults with SCT and increased awareness of SCD
in adults [14]. As screening in adults is primarily conducted
using the SCST, this review will subsequently discuss SCT,
the application and methodology for screening in US military
and college athletes followed by recent technological advances
regarding sickle cell point-of-care testing.

SCT

SCT is present in one out 12 African Americans and up to
1.5% of neonates born in the United States [15-17]. World-
wide, the prevalence of SCT is estimated to exceed 300 mil-
lion individuals primarily in Africa and Southern Asia which
are affected by malaria [17, 18]. SCT emerged as a favorable
evolutionary advantage in Africa due to increased protection
against severe malaria [18].

Although SCT is commonly thought of as a benign condi-
tion with normal life expectancy, there is emerging literature
suggesting an increased incidence of potentially preventable
adverse outcomes in several organ systems [14, 19, 20]. This
has been attributed to sickling of HbS in patients with SCT
particularly under increased physiologic stress including se-
vere tissue hypoxia, acidosis, increased viscosity, dehydration,
or hypothermia [11, 20, 21]. HbS levels in people with SCT
can vary from 20% to 40% based in part on the number of
alpha-globin genes expressed [14, 19].

Acknowledged end-organ consequences of SCT are vari-
able. From a renal perspective, individuals with SCT are less
able to concentrate urine compared to patients without SCT
(hyposthenuria), more likely to develop hematuria, and are at
increased risk of developing acute kidney injury and chronic
kidney disease compared to the general population [19, 21, 22].
From a vascular perspective, individuals with SCT are more
at risk for venous thromboembolism, particularly pulmonary
emboli relative to deep vein thromboses [14, 17]. SCT patients
can also develop splenic infarcts [14, 19]. The association of
SCT with pregnancy-related outcomes remains unclear [14,
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17]. SCT is also associated with development of renal medul-
lary carcinoma. Based on a literature review of 166 patients
from 47 studies, 98% of cases occurred in individuals with
SCT [23]. In addition to increased surveillance of complica-
tions of SCT, an understanding of the heritable characteristics
of SCD may prove very useful for those with trait. There is a
growing effort to screen at risk adults and make accessible ed-
ucation and preventive measure for those who test positively.

Historical and Current Applications of the
SCST

Screening for sickle cell anemia and SCT gained national at-
tention in the United States following publication of several
case reports highlighting catastrophic occurrences of exer-
tional related illness among otherwise healthy individuals with
SCT [24]. After a 1981 investigation of SCT and exertional
heat related injuries, the Department of Defense adopted a
policy for universal screening of all military recruits utiliz-
ing the SCST [25]. Positive results were followed by HE to
confirm and quantify the presence of HbS (either SS or SA)
with a cutoff of HbS <41% to qualify for participation of high
risk activities [25]. The policy was withdrawn in 1985 after
concerns for stigma, and reinstated following the three US Air
Force Recruit deaths in the 1990s [17, 25].

As a response to these events, in the early 2000s, the US
Army instituted a protocol of universal training precautions
(UTPs) to decrease exercise-related injury among all recruits
irrespective of SCT status. UTPs are universal procedures de-
signed to prevent complications of physical training programs
to include bodily injury, illness, and death [26]. Although no
formal guideline exists to address what strategies should be
implemented to prevent exercise-related health risks, individ-
ual organizations have implemented protocols that address ad-
vanced assessment of climate factors, adjustment of exertion,
consistent hydration, and dedicated recovery time as a preven-
tion strategy for all exertion-related injury [26, 27]. In light of
increased awareness of SCD and SCT, the US army screens
all recruits for hemoglobinopathies since 2020, and does not
allow personnel to enroll who have an HbS > 45% [25, 28].
Practices differ among the different branches of the US mili-
tary in how recruits with SCT are identified.

The National Collegiate Athletic Association (NCAA) be-
gan screening athletes for sickle cell in Division I sports fol-
lowing the sudden death of several athletes and subsequent
lawsuit in 2009 [29]. The NCAA implemented mandatory
screening for Division I athletes in 2010, which ultimately ex-
panded to Division II and III [29-31]. Student athletes were
allowed to opt out of testing but in the most recent iteration
of NCAA policy (August 1, 2022 for Division I, II, and III)
the opt-out choice was removed [32-34]. Prior to this removal,
adherence was heterogeneous as allowance of a waiver was
institution dependent [35]. Screening for college athletes is
primarily done with the SCST [30, 36].

Outside of military and college athlete screening, the
SCST is useful for rapid assessment of the presence of HbS.
The British Society of Hematology states it is sensible to uti-
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lize the test in the emergency department or prior to anesthesia
as a negative test will indicate that the concentration of HbS is
low enough as to not increase intraoperative risk [37]. This is
followed by the caveat that both positive or equivocal results
should be followed by confirmatory testing. The SCST is also
used for identification of HbS prior to donation of blood at
our own institution and in African Americans wanting to give
blood to the American Red Cross [38]. SCT is not a prohibi-
tion for donation, and in our institution only patients with SCD
are not transfused blood with HbS. However, HbS interferes
with the leukoreduction filters and has been associated with
prolonged or incomplete filtration of leukocytes [39, 40].

Review of Evidence Supporting Screening
Protocols

The relationship between SCT and exertional injury is contro-
versial, as the correlation was established in case reports that
linked SCT in military recruits to increased risk of exertional
rhabdomyolysis, compartment syndrome, splenic infarcts and
hyposthenuria [25]. Although retrospective data of military re-
cruits demonstrated an association between SCT and increased
rate of morbidity including heat related illness, more recent
cohort studies following the implementation of UTP no long-
er identified this association [25, 41]. A retrospective cohort
study conducted using the Stanford Military Data Repository
examined the relationship between SCT and rate of exertional
rhabdomyolysis and death excluding traumatic injuries from
January 2011 to December 2014 in 47,944 Black US Army
soldiers, of which 7.4% had SCT [42]. SCT was associated
with a higher hazard ratio (HR) for exertional rhabdomyoly-
sis as compared to soldiers without SCT, but the effect was
in the same order of magnitude for smokers when compared
to non-smokers (HR: 1.54) [42]. Soldiers who recently took
statins (HR: 2.89) and antipsychotics (HR: 3.02) demonstrated
a greater HR for developing exertional rhabdomyolysis when
compared to soldiers who did not use these medications [42].
There was no significant difference in the risk of death among
soldiers with SCT as compared with those without SCT (HR:
0.99; 95% CI: 0.46 - 2.13) [42]. In a follow-up study of heat
related illness and heat stroke in the above-mentioned popula-
tion, there was no significant association between heat stroke,
mild heat injury and SCT [43]. These findings challenge the
assertion that SCT is associated with increased risk of exer-
tional related illness and death, and according to expert opin-
ion, reflects the benefits of UTP [44].

As with the military, the data that support universal testing
of student athletes are contentious [45]. A retrospective trial
estimated that there were 2,147 Division I athletes with SCT
out of 144,181 based on population studies during the 2007 -
2008 academic year [30]. They estimated without intervention
about seven student-athletes with SCT would suffer exercise-
related sudden death in 10 years [30]. Similarly, examining
data from the United States Sudden Death in Athletes Regis-
try over a 31-year period (1980 - 2010), of the 2,462 sudden
deaths including survivors of sudden cardiac death, 23 or 0.9%
of deaths occurred in athletes with documented SCT based on
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testing during life or at autopsy [46]. The overall prevalence
of SCT in the registry was 2.3% or 699 black athletes [46].
Of the 23 players who had SCT and died, 19 or 83% were
football players [46]. When examining the circumstances sur-
rounding the death, all occurred during maximum intensity
of exercise, 87% (or 20/23 cases) of the cases occurred under
circumstances of high temperatures, and 9% (or 2/23 cases)
occurred at high altitude [46]. There was no significant differ-
ence between SCT athletes and non-SCT athletes in terms of
controlling for other causes of cardiovascular death or age, but
this was powered to include African American athletes [46].
In the same registry but looking at sudden deaths of all causes
from 1980 to 2006, 1,866 athletes died suddenly [47]. Of these
deaths, the most common causes of death were cardiovascular
disease to include hypertrophic cardiomyopathy and congeni-
tal coronary artery anomalies, accounting for 1,049 deaths or
56% of the studied population [47]. In a separate review of 16
deaths from 2000 to 2010 in Division I college football, 63%
(or 10 out of 16 athletes) had SCT [48]. These events were
also triggered by several minutes of maximal intensity [48].
The American Society of Hematology in their policy statement
recommended against universal screening for athletes as UTPs
are effective in reducing exertional related injuries [49]. They
also recommended to not mandate testing or disclosure of SCT
status as a prerequisite for participation in athletic activities
[49]. This approach was supported by the Sickle Cell Disease
Association of America and the Advisory Committee on Herit-
able Disorders in Newborns and Children [50].

Community Awareness of Sickle Cell Screen-
ing and the SCST

Although newborn screening began in the United States 1972
following the passage of the National Sickle Cell Anemia Con-
trol Act and crystallized into national policy in 1987, universal
screening was not implemented in all 50 states and the District
of Columbia until 2007 [2]. As enactment of the law is state-
dependent, there are variations in state procedures on who is
notified of a positive result as well as the procedures used to
inform patients and medical providers [51]. In a survey-based
analysis that assessed each state’s procedures for sickle cell
screening, although 100% of patients’ primary care providers
(PCPs) were notified of an SCD diagnosis, only 75% of hema-
tologists and 40% of families were also notified [51]. Notifica-
tion of an SCT diagnosis is lower for families although remains
high among PCPs (88% of PCP and 37% of families) [S1]. As
these results were gleaned from surveys, these are subject to
recall bias and the analysis does not specify how the hematolo-
gist or primary care doctors were involved in their care.

Consequently, patient’s awareness of their sickle cell sta-
tus is also low. In a community-based survey of 316 individu-
als in Northern California in 2006, only 16% knew their trait
status [52]. Similarly, in a university-based survey of 258 Af-
rican American university students, 52% were unsure of their
status and 62% did not know if they had family members with
SCD [53]. Of the participants who did not know their status,
56% (n = 144) wanted to know their trait status [53].
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Although most community members are aware of SCD
[52, 54], there is misinformation regarding SCT which may
account for the hesitancy in knowing their status. In the above-
mentioned California-based survey, although 86.2% (n = 243)
of responders were able to identify that SCD causes serious
problems, and 70% (n = 197) were able to identify that SCT
can cause health problems, 31% incorrectly believed that SCT
can turn into SCD [52]. In the same study, 81.6% were able
to identify that SCD is a genetic disease [52]. Focus groups
within the same study identified lack of education in the com-
munity as a major barrier to more widespread awareness of
SCT [52]. In the university-based study, 58% (n = 150) incor-
rectly believed that trait causes many health problems, 41% (n
= 107) believed that SCT causes many deaths, and 37% (n =
96) believed that SCT causes crisis [53].

From the provider perspective, adult providers seem to
prefer screening with the SCST compared to pediatricians.
Two studies examined providers’ preferences for screening
for SCT utilizing web-based surveys following the imple-
mentation of the NCAA screening protocols [55, 56]. In the
pediatrician survey, 58% of pediatricians preferred the SCST
compared with 71% preferring to use the medical record and
60% preferring to use newborn screening [55]. In contrast,
among 370 members of the American Medical Society for
Sports Medicine (AMSSM), 71% favored using the SCST to
screen for SCD, versus 72% relying on the medical record and
53% using newborn screening [56]. This may be due to lack
of awareness of the test as more pediatricians surveyed were
not aware of the SCST (43%) compared to the sports medicine
physicians (12%) [55, 56].

Future Directions Beyond the Solubility Test

The SCST remains a useful and inexpensive modality for
screening for SCD or SCT even after considering its limita-
tions. However, novel technologies for point-of-care testing
are on the horizon and these may overcome the limitations
of the SCST by offering more accurate and rapid diagnosis.
Various new technologies have been developed including pa-
per-based hemoglobin solubility, lateral flow immunoassays,
micro-engineered HE, density-based separation, and smart-
phone-based application tests [57]. Of these, the lateral flow
immunoassays have gained the most traction in resource-poor
settings. The two most widely available assays are the Sickle
SCAN® (BioMedomics Inc., Morrisville, NC, USA) and the
HemoTypeSC® (Silver Lake Research, Azusa, CA, USA) [58].
These assays rely on the formation antibody-antigen com-
plexes between commercially available antibodies and patient
supplied antigens (hemoglobin), and thus can distinguish be-
tween SCD and SCT [58]. The Sickle SCAN® uses polyclonal
antibody targets against HbA, HbS and hemoglobin C (HbC)
to identify the hemoglobin type, with a positive test indicated
by a line next to the corresponding hemoglobin type [57, 58].
In comparison, the HemoTypeSC® utilizes monoclonal anti-
bodies against HbA, HbS and HbC on fixed test lines, with
a positive result indicated by the absence of a line next to the
hemoglobin type [57, 58]. Both tests can be performed on in-
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fants with high HbF and are inexpensive (less than $5) [58]. In
a study that prospectively analyzed the accuracy of the Sickle
SCAN® and the HemoTypeSC® in 1,000 blood samples each
in Angola, both correlated 100% to isoelectric focusing, with
the HemoTypeSC® requiring longer time to run (15 min vs. 7
min) and more repeats due to invalid results (68 times vs. 2
times for Sickle SCAN®) [59]. These technologies are likely
to eventually supplant the SCST.
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