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Abstract The heterogeneity in clinical presentations in 
sickle cell disease (SCD) alters between crisis and steady 
state phases. Considering the pathophysiology, it is crucial 
to establish a disease-specific reference interval for hema-
tological and biochemical parameters and identify the sen-
sitive predictive markers for crisis. The case–control study 
included fifty-four healthy control, forty SCD cases in crisis 
state, and forty-six steady state cases. Blood samples were 
evaluated for complete blood count (CBC) and biochemi-
cal parameters. Red cell indices were calculated. 2.5th and 

97.5th percentile values were delineated in the steady state 
cases as new reference interval. The new cut-off values were 
evaluated for sensitivity and specificity. The steady state 
cases reported a significant decrease in urea, sodium, Hb, 
Hct, and RBC count compared to the control group, whereas 
potassium, and red cell indices were higher. Compared 
to the steady state, the crisis state depicted a significant 
increase in urea, liver enzymes, leucocytes, inflammatory 
indices, and all red cell indices, whereas sodium, albumin, 
iron, Hb, Hct, and LMR were decreased. The revised 95 
percentile ranges were sodium-132.35–143.65 mmol/L, 
potassium-3.75–6.09  mmol/L, albumin-2.9–5.0  g/dL, 
Hb-7.51–12.17 g/dL, RBC count-2.2–5.49 ×  106/µL, and 
Hct-22.54–36.1%. Red cell indices like Ricerca, Green and 
King, and Huber–Heklotz could be good screening tools 
for crisis events with more than 70% sensitivity. Thus, the 
laboratory must derive a new reference interval and cut-off 
values at the steady state in the SCD population it is cater-
ing samples rather than comparing it with normal healthy 
individuals.

Keywords CBC profile · Serum markers · Crisis state · 
Steady state · Percentile · ROC analysis

Introduction

A point mutation (GAG to GTG) in the hemoglobin beta 
gene (HBB) on chromosome 11p15.5 results in the substitu-
tion of amino acid glutamic acid (hydrophilic) with valine 
(hydrophobic) in the sixth position of the beta-globin chain 
results in the production of hemoglobin S (HbS) variant 
instead of the normal adult hemoglobin (HbA) [1]. Indi-
viduals heterozygous for this mutated gene are referred to as 
sickle cell trait (SCT), and who are homozygous are referred 

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s12291- 023- 01158-9.

 * Suprava Patel 
 dr_suprava@yahoo.co.in

 Diksha Chandrakar 
 dikshachandrakar18@gmail.com

 Preetam N. Wasnik 
 pnwasnik@aiimsraipur.edu.in

 Eli Mohapatra 
 dr.e.mohapatra@aiimsraipur.edu.in

 Rachita Nanda 
 dr.rachitananda@aiimsraipur.edu.in

 Seema Shah 
 sshah@aiimsraipur.edu.in

 Ashish Gupta 
 ashish_bmc@yahoo.co.in
1 Department of Biochemistry, All India Institute of Medical 

Sciences, Raipur, Chhattisgarh, India
2 Department of Medicine, All India Institute of Medical 

Sciences, Raipur, Chhattisgarh, India
3 Department of Pathology, All India Institute of Medical 

Sciences, Raipur, Chhattisgarh, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s12291-023-01158-9&domain=pdf
http://orcid.org/0000-0002-7449-1354
https://doi.org/10.1007/s12291-023-01158-9
https://doi.org/10.1007/s12291-023-01158-9


 Ind J Clin Biochem

1 3

to as sickle cell disease (SCD). SCD is the most common 
inherited hemoglobinopathy in Central India, with a preva-
lence of 9.3% heterozygous form and 0.21% homozygous 
SCD form [2, 3]. Study findings have reflected that, in the 
absence of provision for early diagnosis through newborn 
screening or mass screening due to fund constraints in devel-
oping countries like India, individuals with SCD die very 
young due to late diagnosis. Individuals with SCD have 
reported a broad spectrum of clinical heterogeneity in their 
presentations. SCT cases usually remain asymptomatic and 
have normal blood parameters comparable to their healthy 
counterparts. However, SCD cases experience alternating 
episodes of crisis phases and steady state [4].

SCD, primarily a disorder of red blood cells (RBCs), 
causes alterations in their structural integrity, rheological 
properties, and biological function. The sickle-shaped RBCs 
lose their flexibility to pass through small capillaries and 
lead to occlusion of the microvascular network. Repeated 
episodes of clogging and dislodgement eventually end up 
with hemolysis and initiate the crisis event [5]. The patho-
physiology of this vaso-occlusive crisis (VOC) affects the 
RBCs and the other cellular elements in the blood, such 
as leucocytes and platelets. Repeated perfusion-reperfusion 
events often result in organ damage and changes in various 
biochemical parameters during the crisis event [6]. Identify-
ing the biomarkers that could be sensitive enough to predict 
the shift from a steady state to a crisis state is essential. Early 
evaluation of these markers might be beneficial in reduc-
ing the episodes of severe hemolytic and painful crises, fre-
quency of hospitalization, requirement for transfusions, and 
other severe complications associated with SCD. It is also 
essential in countries with low resource settings that these 
parameters should be easily estimated at nearby peripheral 
health care centers and should be affordable for the patients. 
Identifying a sensitive marker would be of utmost benefit 
because it could be a good screening tool for monitoring the 
patient’s progress toward crisis.

Individuals with SCD are in their steady state; though it 
seems normal, the underlying pathophysiological changes 
continue at a subclinical level. Because of the ongoing pro-
cess, the laboratory reference interval of the various hema-
tological and biochemical parameters in steady state SCD 
cases are expected to differ from those in a healthy indi-
vidual [7]. These individuals manifest the symptom only 
when the changes become overwhelming. Therefore, it is of 
utmost importance that the reporting laboratories establish 
a disease-specific reference interval for SCD cases at their 
steady state in their population. An established reference 
interval is critical for clinicians in decision-making. The 
new revised reference values would help the clinician for an 
early assessment of the disease course towards crisis state by 
comparing the changes in the steady state reference interval 
of blood parameters.

Not many laboratories have established a reference inter-
val for SCD cases in their population; thus, cut-off values 
and sensitive screening markers are yet to be defined. Look-
ing into the current practices of reporting the values against 
the biological reference interval of a healthy individual, we 
tried to observe the overall hematological and biochemical 
changes in steady state and crisis state SCD cases in our 
population. The aim was to evaluate the disease-specific 
reference interval at steady state for these parameters and 
identify the sensitive screening markers for early assessment 
of the progression of the clinical course from steady state 
to crisis state.

Materials and Methods

The case–control study included one hundred forty adults, 
of which eighty-six were SCD cases, and fifty-four were 
healthy control group. The institute’s ethics committee 
approved the study protocol, and written informed consent 
was taken from all participants. Individuals who volunteered 
for blood donation in our institute and found to be apparently 
healthy were recruited and enrolled as the control group. 
Cases already confirmed for homozygous (HbSS) were 
included in the study. Individuals with any noticeable or 
known acute or chronic disorders in last 6 months (except for 
SCD in cases), received blood transfusion in last 12 weeks 
and pregnant females were excluded from the study. The 
cases were categorized into crisis state (n = 40) and steady 
state (n = 46) as per clinical presentation, present or absent. 
SCD cases with no obvious clinical symptoms and attending 
the outpatient department (OPD) for routine follow-up were 
considered steady state cases. Others who presented with 
clinical features as tabulated in  Tablesuppl-1, were catego-
rized under crisis state. Cases with a history of blood trans-
fusion within the last four months were not enrolled for the 
study. The clinical details were recorded, and as per the clin-
ical presentations, all cases were assigned a severity score 
as per Adegoke and Kuti scoring system. Blood samples 
were collected from each participant for analysis of serum 
renal function tests (RFT), liver function tests (LFT), iron, 
HbF, and complete blood count (CBC). The serum samples 
were analyzed for all the quantitative variables in AU 5811 
fully automated autoanalyzer from Beckman Coulter, and 
complete blood count (CBC) parameters were analyzed in 
an Automated Hematology analyzer from Sysmex. Blood 
HbF levels were analyzed by high-performance liquid chro-
matography (HPLC) in the D-10 Hemoglobin testing system 
from Biorad. The biological reference interval are as per the 
manufacturer’s instructions in the kit inserts for all these 
parameters are provided in  Tablesuppl-2.
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The inflammatory and red cell indices were calculated 
for all participants. The following equations were applied 
for the calculation [8, 9]:

Inflammatory indices:

• Lymphocyte-monocyte ratio (LMR) = Lymphocyte/
Monocyte

• Neutrophil-monocyte ratio (NMR) = Neutrophil/Mono-
cyte

• Neutrophil–lymphocyte ratio (NLR) = Neutrophil/Lym-
phocyte

• Systemic immune-inflammatory index (SII) = Platelet x 
NLR

Red cell indices:

• Mentzer index (MI) = mean corpuscular volume/red 
blood cell count (MCV/RBC)

• Red cell distribution width (RDW) index (RDWI) = MCV 
× RDW/RBC

• Green and King index (GKI) =  MCV2 × RDW/(Hb × 100) 
[10]

• Ehsani index (EI) = MCV–10 × RBC [11]
• England and Fraser index (EF) = MCV–(5 × Hb)–RBC–

3.4
• Ricerca index (RI) = RDW/RBC
• Srivastava index (SI) = Mean corpuscular hemoglobin 

(MCH)/RBC
• Shine and Lal index (SLI) = MCV × MCV × MCH/100 

[12]
• Huber–Heklotz index (HHI) = MCH × RDW × 0.1/

RBC + RDW [13]
• Sirdah index (SirI) = MCV–RBC–(3 × Hb) [14]

Statistical Analysis

The statistical analyses were performed by  IBM@SPSS ver-
sion 26. The quantitative parameters were depicted as mean 
with standard deviation (SD). The values were compared 
among the three study groups using analysis of variance 
(ANOVA) with a posthoc test. The 2.5th and 97.5th percen-
tile values were calculated for all the parameters in the three 
study groups. The 2.5–97.5th percentile range in the steady 
state group was considered the baseline or new reference 
interval for comparison for the crisis state.

Receiver operating characteristic (ROC) curve analysis 
in cases was performed for all parameters for crisis event. 
Parameters showing an area under curve (AUC) of more than 
0.6 were further considered to derive the cut-off value. Two 
methods determined cut-off values. In the first method, the 
mean values of these parameters (AUC > 0.6) in the steady 
state individuals were considered the new cut-off value. The 
second method was deriving an optimum cut-off value for a 

crisis event derived from the ROC curve. Sensitivity, speci-
ficity, positive predictive value (PPV), and negative predic-
tive value (NPV) for crisis events were calculated for both 
the cut-off values. The cut-off value with a greater AUC and 
higher sensitivity percentage was considered a good screen-
ing tool for predicting crisis events.

Result

The study population comprised eighty-six homozygous 
(HbSS) SCD cases and fifty-four healthy individuals. No 
significant differences were observed for age group and the 
gender distribution among the two study groups. The mean 
(SD) age was 21.67 (5.23) in cases and 22.9 (2.56) in the 
control group (p = 0.125). About 67.1% (n = 94) were males, 
and 32.9% (n = 46) were females (p = 0.17) in the total study 
population. In the cases, 62.8% were males and 37.2% were 
females, whereas the percentages were respectively 74.1% 
and 25.9% in the control group. The male:female ratio was 
1.69 (54/32) in cases and 2.86 (40/14) in the control group. 
In the SCD crisis group, 70% (n = 28) of subjects were 
males, whereas the female percentage was 30% (n = 12). 
The odds for crisis events in SCD cases was 1.79 (95%CI 
0.735–4.38, p = 0.19) in males as compared to females.

The mean (SD) comparison of the serum markers and 
the CBC profile is delineated in Table 1. Mean serum urea 
was significantly higher in crisis state (20.53 mg/dL) than 
in steady state cases (15.63 mg/dL; p = 0.031). Compared 
to the control group, the level was significantly lower in the 
steady state cases (p = 0.01). Serum creatinine was greatly 
reduced in the cases than the control group. Similarly, the 
cases depicted grossly reduced serum sodium than the con-
trol group (p < 0.001). The crisis group patients revealed 
significant hyponatremia (136.35 mmol/L) compared to 
the steady state group (p = 0.025). No significant difference 
in serum potassium was observed between the crisis and 
steady state cases. However, the steady state group reported 
elevated serum potassium (4.36 mmol/L) compared to the 
control group (p = 0.004). The crisis state cases depicted 
significantly elevated LFT parameters such as serum direct 
bilirubin (D. Bil), aspartate transaminase (AST), and alka-
line phosphatase (ALP) levels than the steady state and 
control individuals. On the contrary, total protein, albumin, 
albumin-globulin ratio (AGR), and iron levels in the serum 
were lower. The serum gamma-glutamyl transferase (GGT) 
was higher in the crisis group compared to the healthy con-
trol group (p = 0.003).

In the CBC panel, mean blood hemoglobin (Hb), hema-
tocrit (Hct), and red blood cell (RBC) count were grossly 
reduced in both cases than the control group (p < 0.001), 
whereas red cell distribution width (RDW) and fetal hemo-
globin (HbF) values were elevated.
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When compared between the crisis and steady state 
cases, a significant reduction was observed for Hb (8.18 g/
dL, p < 0.001), Hct (24.85%, p < 0.001), HbF (13.33%, 
p = 0.001), and LMR (3.67, p = 0.006), values in the crisis 

group. The cases enrolled under crisis state depicted a signif-
icant increase in RDW (18.52%. p = 0.027), total leucocyte 
count (TLC) (12.88 ×  103/µL, p < 0.001), NLR levels (2.77, 
p = 0.022), and SII (892.51, p = 0.048).

Table 1  Comparison of mean (SD) of the quantitative variables among the study groups (N = 140)

T. Bil total bilirubin, D. Bil direct bilirubin, I. Bil indirect bilirubin, ALP alkaline phosphatase, ALT alanine transaminase, AST aspartate transam-
inase, AG ratio albumin-globulin ratio, Hb hemoglobin, HbF fetal hemoglobin, Hct hematocrit, RBC count red blood cell count, MCV mean cor-
puscular volume, MCH mean corpuscular hemoglobin, MCHC mean corpuscular hemoglobin concentration, RDW red-cell distribution width, 
TLC total leucocyte count, LMR lymphocyte-monocyte ratio, NMR neutrophil-monocyte ratio, NLR neutrophil–lymphocyte ratio, SII systemic 
immune-inflammatory index
*Significance at p < 0.05; a versus b denotes p-value compared between crisis and steady state cases; a vs c denotes p-value compared between 
crisis state and healthy control groups; b vs c denotes p-value compared between steady state cases and the healthy control group

Parameters (units) Crisis  Statea

(n = 40)
Steady  Stateb

(n = 46)
Control  Groupc

(n = 54)
p-values

a vs b a vs c b vs c

Urea (mg/dL) 20.53 (14.3) 15.63 (5.2) 20.89 (5.4) 0.031* 0.98 0.01*
Creatinine (mg/dL) 0.75 (0.5) 0.68 (0.1) 0.89 (0.1) 0.47 0.038* 0.001*
Uric acid (mg/dL) 5.37 (2.9) 5.09 (1.2) 5.6 (1.4) 0.77 0.84 0.84
Sodium (mmol/L) 136.35 (4.0) 137.98 (2.4) 140.56 (2.0) 0.025* < 0.001* < 0.001*
Potassium (mmol/L) 4.36 (0.6) 4.58 (0.5) 4.24 (0.4) 0.11 0.53 0.004*
Chloride (mmol/L) 100.95 (5.9) 102.57 (2.6) 103.44 (2.0) 0.12 0.005* 0.47
T. Bil (mg/dL) 3.24 (3.1) 2.51 (1.1) 0.89 (0.4) 0.16 < 0.001* < 0.001*
D. Bil (mg/dL) 1.01 (1.6) 0.53 (0.3) 0.18 (0.1) 0.038* < 0.001* 0.13
I. Bil (mg/dL) 2.2 (1.7) 1.98 (0.9) 0.69 (0.4) 0.61 < 0.001* < 0.001*
AST (U/L) 54.25 (33.5) 35.87 (13.9) 27.89 (14.3) < 0.001* < 0.001* 0.16
ALT (U/L) 27.93 (17.3) 22.33 (15.6) 25.63 (16.7) 0.26 0.78 0.58
ALP (U/L) 136.73 (84.5) 97.43 (37.8) 90.96 (17.4) 0.002* < 0.001* 0.8
GGT (U/L) 47.73 (46.7) 33.7 (49.7) 20.74 (7.9) 0.21 0.003* 0.21
Total protein (g/dL) 7.47 (0.9) 8.08 (0.5) 7.89 (0.5) < 0.001* 0.007* 0.29
Albumin (g/dL) 3.81 (0.6) 4.47 (0.4) 4.59 (0.3) < 0.001* < 0.001* 0.4
Globulin 3.66 (0.9) 3.61 (0.6) 3.3 (0.3) 0.94 0.032* 0.06
AG ratio 1.11 (0.3) 1.29 (0.3) 1.4 (0.2) 0.006* < 0.001* 0.06
Iron (µg/dL) 63.56 (50.3) 90.09 (35.1) 88.89 (42.0) 0.013* 0.014* 0.99
Hb (g/dL) 8.18 (1.8) 9.7 (1.2) 14.2 (1.9) < 0.001* < 0.001* < 0.001*
Hct (%) 24.85 (5.7) 29.25 (3.5) 43.51 (5.2) < 0.001* < 0.001* < 0.001*
HbF (%) 13.33 (7.7) 18.19 (7.6) 0.91 (0.2) 0.001* < 0.001* < 0.001*
RBC count (×  106/µL) 3.44 (3.1) 3.5 (0.7) 4.87 (0.45) 0.98 < 0.001* < 0.001*
MCV (fL) 86.87 (13.2) 85.05 (10.6) 89.21 (7.6) 0.69 0.53 0.12
MCH (pg) 28.72 (4.9) 28.32 (4.1) 29.21 (2.9) 0.91 0.83 0.54
MCHC (g/dL) 32.98 (1.8) 33.29 (1.5) 32.71 (1.1) 0.62 0.66 0.14
RDW (%) 18.52 (3.8) 17.03 (2.4) 13.68 (1.6) 0.027* < 0.001* < 0.001*
TLC (×  103/µL) 12.88 (7.1) 8.22 (2.9) 7.06 (1.4) < 0.001* < 0.001* 0.38
Neutrophils (%) 59.36 (15.8) 54.59 (11.3) 50.56 (12.8) 0.23 0.005* 0.29
Lymphocytes (%) 29.83 (14.5) 35.54 (11.1) 36.29 (10.7) 0.08 0.029* 0.95
Monocytes (%) 9.04 (3.2) 7.58 (3.5) 6.29 (3.0) 0.09 < 0.001* 0.12
Eosinophils (%) 1.42 (1.4) 1.87 (1.6) 2.99 (1.9) 0.44 < 0.001* 0.004*
Basophils (%) 0.36 (0.2) 0.43 (0.2) 0.44 (0.2) 0.39 0.3 0.99
Platelets (×  103/µL) 301.23 (182.2) 252(112) 273.3 (58.9) 0.15 0.52 0.66
LMR 3.67 (2.5) 6.81 (5.6) 7.57 (4.9) 0.006* < 0.001* 0.69
NMR 8.05 (5.6) 10.67 (9.9) 10.57 (7.7) 0.29 0.29 0.99
NLR 2.77 (1.8) 1.92 (1.8) 1.54 (0.7) 0.022* < 0.001* 0.41
SII 892.51 (1017.5) 522.26 (773.5) 427.54 (244.9) 0.048* 0.006* 0.79
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Table 2 decodes the mean (SD) comparison of the red 
cell indices in the study groups. Compared to the control 
group, both cases depicted a significant rise in RDW/Hct, 
MI, RDWI, GKI, EFI, RI, SI, HHI, and SirI values. Com-
pared to the steady state cases, the crisis state individuals 
reported an increase in all indices except for EI and SLI. 
Similarly, except for EI, and SLI, other indices values were 
higher in steady state cases than in the control group.

The ROC analysis in the cases with cut-off values for the 
parameters with an AUC of more than 0.6 is delineated in 
Table 3 and shown in Fig. 1. The AUC observed by blood Hb 
was 0.78 (p < 0.001), and Hct was 0.77 (p < 0.001) (shown 
in Fig. 1a). The AUC for red cell indices like GKI and RI 
were more than 0.7 (p = 0.001) (shown in Fig. 1b). Serum 
albumin reflected the highest AUC of 0.824 (p < 0.001) for 
crisis events in cases, followed by serum iron levels (0.785, 
p < 0.001) (shown in Fig. 1c). The sensitivity, specificity, 
PPV, and NPV were calculated for crisis events in cases for 
both the extrapolated cut-off values from the ROC curve and 
observed mean values for the parameters in the steady state 
cases to check which could be used as a cut-off value for the 
parameter with better sensitivity.

The sensitivity and specificity of the parameters are 
illustrated in Table 3 and Fig. 1. The parameters with an 
AUC of more than 0.6 were considered for calculating the 
cut-off value for the crisis event in the cases. The sensitiv-
ity and specificity for crisis events were calculated for the 
cut-off values and were compared to the mean value of the 
parameters calculated for the steady state group, as shown 
in Tables 1 and 2. It was observed that the sensitivity of 
the crisis event to occur was higher for the mean values of 
Hb (87.5% vs. 77.5%), Hct (85% vs. 77.5%), lymphocytes 

(67.5% vs. 65%), LMR (95% vs. 75%), total protein (75% 
vs. 70%), albumin (85% vs. 77.5%), iron (85% vs. 80%), 
and RI (72.5% vs. 70%) values as compared to the ROC 
extrapolated cut-off values. Whereas for other parameters, 
the sensitivity is higher for the calculated cut-off values. The 
LMR depicted a sensitivity of 95% with a PPV of 53.5% at 
a mean cut-off value of 6.81. Similarly, the sensitivity and 
PPV values were respectively 85% and 64.2% for albumin at 
a mean value of 4.47 g/dL. The sensitivity for Hb at 9.72 g/
dL was 87.5%, and that for Hct at 29.25% was 85% for the 
crisis event to occur.

As hypothesized, the reference interval in sickle cell dis-
ease patients must be revised. Hence, 95th percentile values 
in steady state were the baseline for comparison of the quan-
titative variables in crisis state cases. The mean, the 2.5th 
and 97.5th percentile distribution, has been delineated in 
Table 4. The table illustrates the ranges in the three study 
groups. The variations in the parameters’ lower (2.5th per-
centile) and upper (97.5th percentile) values were observed. 
The 95th percentile range for serum potassium in steady 
state cases was 3.75 to 6.09 mmol/L as compared to the 
control group (3.44–5.3 mmol/L). Similarly, the range was 
higher for total, direct, and indirect bilirubin (I. Bil). The 
97.5th percentile value for ALP (186 U/L) and GGT (240 
U/L) were higher in steady state cases than in the control 
group (117 and 42 U/L, respectively). Serum albumin, glob-
ulin, and AGR reported a broader range in 95% population 
of the steady state cases. Blood Hb ranged from 7.51 to 
12.17 g/dL in steady state cases compared to 10.4–17.7 g/
dL in healthy individuals. The upper limit of RDW in the 
steady state was 25.56%, whereas it was 19.5% in the control 
group. The 2.5th percentile value of the neutrophil value was 

Table 2  Comparison of mean (SD) of the red cell indices among the study groups (N = 140)

MI Mentzer index, RDWI RDW index, GKI Green and King index, EI Ehsani index, EFI England and Fraser index, RI Ricerca index, SI Srivas-
tava index, HHI Huber–Heklotz index, SirI Sirdah index
*Significance at p < 0.05; a vs b denotes p-value compared between crisis and steady state cases; a vs c denotes p-value compared between crisis 
state and healthy control groups; b vs c denotes p-value compared between steady state cases and the healthy control group

Parameters (units) Crisis  statea

(n = 40)
Steady  stateb

(n = 46)
Control  groupc

(n = 54)
p-values

a vs b a vs c b vs c

RDW/Hct 0.8 (0.3) 0.59 (0.1) 0.32 (0.1) < 0.001* < 0.001* < 0.001*
MI 32.31 (15.68) 25.56 (7.46) 18.49 (2.48) 0.004* < 0.001* 0.001*
RDWI 609.09 (395.61) 432.80 (131.96) 251.54 (33.71) 0.001* < 0.001* < 0.001*
GKI 192.24 (121.71) 129.86 (38.62) 76.88 (11.46) < 0.001* < 0.001* 0..001*
EI 52.51 (36.38) 50.02 (16.33) 40.51 (9.15) 0.86 0.029* 0.09
EFI 39.13 (17.85) 29.53 (12.58) 9.62 (8.1) 0.002* < 0.001* < 0.001*
RI 6.78 (3.43) 5.02 (1.1) 2.84 (0.46) < 0.001* < 0.001* < 0.001*
SI 10.72 (5.24) 8.55 (2.67) 6.05 (0.82) 0.006* < 0.001* 0.001*
SLI 2322.13 (1045.42) 2149.52 (780.44) 2376.98 (607.69) 0.59 0.94 0.34
HHI 38.61 (14.78) 31.49 (5.65) 21.9 (2.1) 0.001* < 0.001* < 0.001*
SirI 58.89 (15.91) 52.38 (11.67) 41.55 (6.32) 0.026* < 0.001* < 0.001*
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25.82% compared to 4.34% in the control group. The range 
for platelet count was wider (108.35 to 543 ×  103/µL) in 95% 
of the steady state cases than in the control group. Similarly, 
it was true for NLR, HbF values, and the red cell indices in 
steady state cases.

The scatter plot reflecting the correlation of Hb, HbF lev-
els, and severity scores with the red cell indices in the cases 
is shown in Figs. 2, 3, 4. All red cell indices except EI and 
SLI depicted a significant inverse relation with Hb levels 
(p < 0.001) (shown in Fig. 2a–j). Similarly, these parameters 
correlated negatively with HbF levels in the cases but were 
insignificant (p > 0.05) (shown in Fig. 3a–j). On the con-
trary, the severity score of the patients with SCD recorded an 
insignificant but positive correlation with the red cell indices 
except for SLI (shown in Fig. 4a–j).

Discussion

Individuals with homozygous, HbSS genotype are prone 
to vascular occlusions, coagulation cascade activation, and 
ischemic injuries, resulting in vaso-occlusive crisis and 
thromboembolic events. Initially, these events are often 
presented as hemolytic or painful crises that eventually pro-
gress to fatal conditions like acute chest syndrome, aplastic 
crisis, and hemorrhagic events. Thus, a baseline of the blood 
parameters in the steady state rather than healthy control 
group were evaluated based on which early biomarkers could 
be identified that could assess the progression of the disease 
course would be essentially beneficial. The mean values of 
the parameters like total protein, albumin, iron, Hb, Hct, 
LMR, and RI depicted higher sensitivity for crisis events.

Although SCD is a disorder of red cells, overall altera-
tion in the serum parameters associated with the disorder’s 
pathophysiology could not be ignored. Olawale et al. study 
showed significantly reduced urea and creatinine (p < 0.001) 
levels in HbS cases than HbA children [15]. On the con-
trary, Ko et al. study reported that significant increase in 
urea (p = 0.04) and creatinine (p = 0.0001) levels in SCD 
cases than the control group [16]. The findings emphasized 
that RFT markers should be monitored regularly for early 
assessment of kidney injury. The baseline serum urea and 
creatine were significantly lower in SCD steady state than in 
the control group (Table 1). These levels were elevated in the 
crisis state compared to the steady state. The rise in serum 
urea was comparable to that of the control group (p = 0.98), 
but the increase in serum creatinine was not (p = 0.038). The 
result indicated that the patients might have compromised 
kidney function, justifying the rise in serum urea levels 
above the baseline (steady state level), although the mean 
value was comparable to the healthy control group. Lower 
levels of serum creatinine might have been due to the over-
all poor built and reduced muscle mass due to nutritional 
cause or chronic anemia. The baseline serum urea levels 
in SCD cases may thus be redefined to the 95% values of 
6.53–32.6 mg/dL (Table 4) with a mean cut-off value of 
15.63 mg/dL with 70% sensitivity for crisis event (Table 3).

The steady state cases depicted low serum sodium but 
raised potassium levels than the control group, possibly 
due to altered fluid homeostasis. Ko et al. study observed 
a significant rise in serum potassium in SCD cases but 
no differences in sodium levels [16]. Anti-Boasiako et al. 
study depicted a substantial decrease in serum sodium but 
an elevation in potassium levels in SCD cases compared to 

Fig. 1  ROC analysis for quantitative variables for crisis state in 
cases. ROC receiver operating characteristics curve, Hb hemoglobin, 
HbF fetal hemoglobin, Hct hematocrit, RBC count red blood cell 
count, RDW red-cell distribution width, TLC total leucocyte count, 
LMR lymphocyte-monocyte ratio, SII systemic immune-inflammatory 

index, MI Mentzer index, RDWI RDW index, GKI Green and King 
index, EI Ehsani index, EFI England and Fraser index, RI Ricerca 
index, SI Srivastava index, HHI Huber–Heklotz index, SirI Sir-
dah index, Alb albumin, ALP alkaline phosphatase, AST aspartate 
transaminase, TP total protein
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Table 4  The 95 percentile values of the quantitative variables in the study groups (N = 140)

T. Bil total bilirubin, D. Bil direct bilirubin, I. Bil indirect bilirubin, ALP alkaline phosphatase, ALT alanine transaminase, AST aspartate transam-
inase, AG ratio albumin-globulin ratio, Hb hemoglobin, HbF fetal hemoglobin, Hct hematocrit, RBC count red blood cell count, MCV mean cor-
puscular volume, MCH mean corpuscular hemoglobin, MCHC mean corpuscular hemoglobin concentration, RDW red-cell distribution width, 

Parameters
(units)

Crisis state Steady state Control group

Mean (2.5–97.5th percentile range) Mean (2.5–97.5th percentile range) Mean (2.5–97.5th percentile range)

Urea (mg/dL) 20.52 (4.9 -95.43) 15.63 (6.53–32.6) 20.89 (11–39)
Creatinine (mg/dL) 0.75 (0.35–2.75) 0.68 (0.47–0.98) 0.89 (0.72–1.05)
Uric acid (mg/dL) 5.37 (2.5–16.89) 5.09 (2.94–7.69) 5.6 (2.8–9.8)
Sodium (mmol/L) 136.35 (126.05–144) 137.98 (132.35–143.65) 140.56 (137–144)
Potassium (mmol/L) 4.36 (3.62–5.72) 4.58 (3.75–6.09) 4.24 (3.44–5.3)
Chloride (mmol/L) 100.95 (84.2–112.98) 102.57 (97–107) 103.44 (99–106)
T. Bilirubin (mg/dL) 3.24 (0.61–19.59) 2.51 (1.02–5.21) 0.89 (0.35–2.02)
D. Bilirubin (mg/dL) 1.01 (0.16–9.79) 0.54 (0.23–2.11) 0.18 (0.08–0.41)
I. Bilirubin (mg/dL) 2.2 (0.45–9.85) 1.98 (0.79–4.38) 0.69 (0.13–1.7)
AST (U/L) 54.25 (16.2–170) 35.87 (17.18–87.27) 27.89 (15–92)
ALT (U/L) 27.93 (7.08–73) 22.33 (5.53–71) 25.63 (9–71)
ALP (U/L) 136.73 (51.28–523.13) 97.43 (46–186) 90.96 (55–117)
GGT (U/L) 47.73 (8–249.5) 33.7 (6.18–240) 20.74 (12–42)
Total protein (g/dL) 7.47 (5.6–9.39) 8.09 (7.1–9.08) 7.89 (7–8.9)
Albumin (g/dL) 3.81 (2.22–4.99) 4.47 (2.9–5.0) 4.59 (4.1–5.3)
Globulin 3.66 (2.4–7.17) 3.61 (2.5–5.07) 3.3 (2.7–3.9)
AG ratio 1.11 (0.31–1.62) 1.29 (0.58–1.99) 1.4 (1.07–1.81)
Iron (µg/dL) 63.56 (22.03–243.6) 90.09 (38.17–221.53) 88.89 (34–201)
Hb (g/dL) 8.18 (4.31–12.38) 9.72 (7.51–12.17) 14.26 (10.4 -17.7)
Hct (%) 24.85 (13.37–41.54) 29.25 (22.54–36.1) 43.51 (32.2–53.5)
HbF (%) 13.3 (0.8–25.7) 18.19 (0.8–28.7) 0.91 (0.8–1.6)
RBC count
(×  106/µL)

3.44 (1.16–21.29) 3.5 (2.2–5.49) 4.87 (3.79–5.5)

MCV (fL) 86.87 (62.44–116.43) 85.05 (57.22–102.63) 89.21 (65.4–107.9)
MCH (pg) 28.72 (19.91–37.66) 28.35 (17.01–37.41) 29.21 (21.3–35.8)
MCHC (g/dL) 32.99 (27.65–37.17) 33.29 (29.36–36.86) 32.71 (30.3–34.7)
RDW (%) 8.53 (13.41–28.96) 17.03 (13.27–25.56) 13.68 (12.1–19.5)
TLC (×  103/µL) 12.88 (4.39–35.36) 8.22 (3.86–16.98) 7.07 (4.09–11.3)
Neutrophils (%) 59.36 (25.21–81.3) 54.59 (25.82–76.64) 50.56 (4.34–71.2)
Lymphocytes (%) 29.83 (12.34–62.59) 35.54 (8.35–62.27) 36.29 (2.9–53.8)
Monocytes (%) 9.04 (3.1–16) 7.58 (1.5–13.93) 6.29 (0.44–12.8)
Eosinophils (%) 1.42 (0–7.71) 1.87 (0.3–7.07) 2.99 (0.11–7.8)
Basophils (%) 0.36 (0.1–0.99) 0.43 (0–0.88) 0.44 (0.04–1.1)
Platelets (×  103/µL) 301.23 (59.6–771) 252 (108.35–543) 273.33 (188–422)
LMR 3.67 (1.2–15.69) 6.81 (0.65–24.48) 7.57 (1.89–19.68)
NMR 8.05 (2.45–26.22) 10.67 (2.53–46.79) 10.57 (3.01–41.88)
NLR 2.77 (0.4–6.29) 1.92 (0.42–11.002) 1.54 (0.77–3.56)
SII 892.51 (61.45–4194.02) 522.25 (66.41–4686.82) 427.54 (177.24–1278.20)
RDW/Hct 0.80 (0.38–1.91) 0.59 (0.38–0.87) 0.32 (0.23–0.6)
MI 32.31 (4.05–100.95) 25.56 (10.82–46.49) 18.49 (13.24–23.19)
RDWI 609.09 (101.69–2569.39) 432.8 (206.93–828.37) 251.54 (200.33–347.89)
GKI 192.24 (63.04–795.17) 129.86 (63.82–254.29) 76.88 (60.0–111.44)
EI 52.51 (0–104.65) 50.03 (3.38–80.35) 40.51 (16.0–58.4)
EFI 39.13 (2.15–89.83) 29.53 (1.98–59.46) 9.62 (4.8–28.71)
RI 6.78 (1.24–22.1) 5.02 (2.79–8.1) 2.84 (2.23–3.96)
SI 10.72 (1.29–32.62) 8.55 (3.23–16.38) 6.05 (4.31–7.59)
SLI 2322.13 (825.79–5107.07) 2149.52 (566.89–3870.53) 2376.98 (911.04–4167.98)
HHI 38.61 (20.95–108.45) 31.49 (20.3–45.59) 21.90 (18.79–27.91)
SirI 58.89 (26.96–101.95) 52.38 (24.42–77.87) 41.55 (28.96–52.91)
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the healthy control group [17]. Similar findings were also 
reported by Mansoor et al. and Pandey et al. studies [18, 19]. 
Chronic subclinical level hemolysis might be an explainable 
cause for elevated serum potassium levels in steady state 
cases. However, a gross decrease in serum sodium was evi-
dent in the crisis state, but the variation in serum potassium 
was not apparent. The reason resides in extensive hemolysis 
of the red cell membrane and leakage of intracellular potas-
sium due to the destruction of the red cell membrane in a 
crisis state [17, 18]. The revised 95% reference interval in 
steady state cases observed in this study for serum sodium 
was 132.35–143.65 mmol/L, and that for serum potassium 
was 3.75–6.09 mmol/L. The lower range of serum sodium 
was lower than the control group, whereas the serum potas-
sium was higher (Table 4).

Pandey et al. found a gross rise in bilirubin levels and 
liver enzymes like AST, ALT, and ALP [19]. Obi et al.’s 
findings also depicted a significant elevation of liver 
enzymes,mes including GGT, in the SCD cases than the 
control subjects,cts reflecting an ongoing ischemic injury 
and vascular crisis events in the liver [20]. True to the fact of 
chronic hemolysis, serum total bilirubin (T. Bil) is expected 
to be at a higher range in the steady state SCD cases 
(1.02–5.21 mg/dL) than the control group (0.35–2.02 mg/
dL) (Table 4). However, the direct bilirubin was significantly 
raised in crisis cases than in the steady state cases (p = 0.038, 
Table 1), suggesting an activated bilirubin conjugation pro-
cess generated by heme breakdown during red cell destruc-
tion. The liver enzyme levels in the steady state were com-
parable to that in the control group (Table 1), indicating a 
normally functioning liver in the study population. However, 
the elevated AST and ALP levels in crisis events could have 
been due to ischemic injuries in bones, skeletal muscles, 
cardiac muscles, or other tissues that release these enzymes 
consequent to the thromboembolic events as reflected by 
Obi et al. study [20]. The observed 95 percentile range in 
the steady state and the control group were almost similar 
except for ALP and GGT (Table 4), and the mean cut-off 
value reported lower sensitivity for the crisis state (Table 3).

Obi et al. study reported a significant fall in total protein 
and albumin in SCD cases (p < 0.05) compared to the control 
individuals due to a reduction in short-lived serum proteins 
and loss of albumin in ascitic fluid [20]. On the contrary, 
Pandey et al. showed grossly elevated serum total proteins 
in cases than the control group (p < 0.001) [19]. The present 
study findings reflected that the serum total protein, albumin, 
and AGR values in steady state were at par with the control 
group (Table 1), which further approves a healthy liver in 

these patients. But the levels were significantly decreased 
in the crisis state than the steady state. The sensitivity of 
total protein and albumin (75% and 85%, respectively) for 
mean cut-off values of 8.09 and 4.47 g/dL were better than 
the ROC-evaluated cut-off values of 7.85 and 4.35 g/dL 
(Table 3, Fig. 1c). The new disease specific reference inter-
val for serum albumin was broader (2.9–5.0 g/dL) than the 
control group (4.1–5.3 g/dL). The lowering of these proteins 
might result from the acute phase reaction owing to inflam-
matory state due to aggravated ischemic injury during vaso-
occlusive crisis event. However, a raised serum globulin in 
crisis group and a wider 95% reference interval in steady 
state cases as compared to control group indicated a state of 
chronic inflammation.

Studies have reported elevated serum ferritin in SCD indi-
viduals, which is considered the marker for the body’s iron 
store [21, 22]. Akodu et al. showed a significant increase 
in serum ferritin (p = 0.001) in HbSS cases than in HbAA 
individuals, but the serum iron levels were comparable [22]. 
Makulo et al. reported raised serum ferritin in nearly 20% 
of SCD cases, of which about 93% had serum iron within 
the normal range. The findings implied higher rates of iron 
stores in the reticuloendothelial system due to ongoing red 
cell destruction [21]. Serum iron levels did not differ in the 
steady state cases compared to the control group. However, 
iron levels were grossly reduced in the crisis state, which 
justifies the overutilization of iron for erythropoiesis to 
compensate for ongoing hemolysis. Serum iron < 90.09 µg/
dL reported a sensitivity of 85% for crisis events (Table 3, 
Fig. 1c). However, serum ferritin was not evaluated in the 
present study, which could have provided a better under-
standing of the iron reserve in the study population.

Various studies observed reduced Hb, Hct levels, and 
RBC count in SCD cases than the control group [6, 7, 9]. 
Evident of the pathophysiology of hemolysis in SCD, Hb, 
Hct values, and RBC count were significantly lower, and 
HbF values were elevated in cases compared to the control 
group. In agreement with the Khaled et al. study, the values 
in the present study were further decreased during the cri-
sis, although the RBC count was not [9]. On the contrary, 
Feugray et al. study depicted no change in Hb and Hct levels 
between the 72 steady state and 26 crisis state cases, but the 
RBC count was lower in the crisis group [23]. The 95% range 
for Hb (7.51–12.17 g/dL) and RBC count (2.2–5.49 ×  106/
µL) were relatively broader in steady state cases, whereas the 
Hct range was lowered to 22.54–36.1% (Table 4). The sen-
sitivity below 9.72 g/dL Hb, 29.25% Hct, and 3.5 ×  106/µL 
was 87.5%, 85%, and 72.5%, respectively (Table 3). Feugray 

TLC total leucocyte count, LMR lymphocyte-monocyte ratio, NMR neutrophil-monocyte ratio, NLR neutrophil–lymphocyte ratio, SII systemic 
immune-inflammatory index, MI Mentzer index, RDWI RDW index, GKI Green and King index, EI Ehsani index, EFI England and Fraser 
index, RI Ricerca index, SI Srivastava index, HHI Huber–Heklotz index, SirI Sirdah index

Table 4  (continued)
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Fig. 2  Scatter plot reflecting 
the correlation of the red cell 
indices with Hb in cases. Hb 
hemoglobin, MI Mentzer index, 
RDWI RDW index, GKI Green 
and King index, EI Ehsani 
index, EFI England and Fraser 
index, RI Ricerca index, SI Sriv-
astava index, HHI Huber–Hek-
lotz index, SirI Sirdah index
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Fig. 3  Scatter plot reflecting 
the correlation of the red cell 
indices with HbF in cases. HbF 
fetal hemoglobin, MI Mentzer 
index, RDWI RDW index, 
GKI Green and King index, 
EI Ehsani index, EFI England 
and Fraser index, RI Ricerca 
index, SI Srivastava index, HHI 
Huber–Heklotz index, SirI 
Sirdah index
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Fig. 4  Scatter plot reflecting 
the correlation of the red cell 
indices with severity score in 
cases. MI Mentzer index, RDWI 
RDW index, GKI Green and 
King index, EI Ehsani index, 
EFI England and Fraser index, 
RI Ricerca index, SI Srivastava 
index, HHI Huber–Heklotz 
index, SirI Sirdah index
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et al. study reported the Hb range to be 8–10.5 gm/dL in 
steady state and 8–10.1 gm/dL in crisis state cases. The new 
reference values for Hct in steady state was 23–30.7%, and 
in crisis state was 23–29%. The respective ranges for RBC 
counts were 2.67–3.97 and 2.39–3.18 ×  1012/L [23]. The 
mean (SD) recorded in SCD cases by Khaled et al. study for 
Hb was 9.10 (2.2 g/dL), Hct was 27.23 (3.84)%, and RBC 
count was 3.78 (1.31) ×  106/µL [9]. The differences in range 
could be accorded to the differences in socioeconomic fac-
tors, nutritional factors or geographical locations of the two 
study populations. Our study population belongs to Central 
India, considered a developing country, whereas the study 
population included in Feugray et al. and Khaled et al. study 
belonged to a European country [9, 23]. According to the 
severity of anemia in SCD cases, the RDW%, RDW/HCT, 
and RDWI were significantly higher in steady state cases 
than in the control group. The same was higher in crisis 
patients than the steady state patients (Table 1). Accordingly, 
the upper limit of the baseline range in steady state was more 
elevated than the control group.

The pathophysiology of SCD, besides affecting the RBC 
deformation and rheological properties, also activates neu-
trophils, monocytes, and platelets adhesiveness to the cap-
illary walls initiating VOC. The continued process of RBC 
sickling, microvascular occlusion, and ischemic insult to 
various tissues creates a chronic inflammatory state [24]. 
The crisis group enrolled in Feugray et al. study depicted a 
significant increase in leucocytes, neutrophils, lymphocytes, 
and monocytes than in steady state SCD cases [23]. Studies 
have evidenced inflammatory activation, raised c-reactive 
protein, leucocytes, annexin-1, and other inflammatory 
markers, during the VOC crisis event [25, 26]. On the con-
trary, TLC, lymphocyte, and LMR values did not reflect 
significant variation in steady state cases and the control 
group (Table 1). However, the LMR values revealed a wider 
baseline range in the steady state (0.65–24.48, Table 4), and 
the mean value of 6.81 denoted a sensitivity of 95% for the 
crisis state (Table 3, Fig. 1a). Significant variations of these 
parameters in crisis events explain the activation of the var-
ied leucocytes to tackle the crisis state but remained unal-
tered in steady state cases. Accordingly, the SII values in 
steady state were comparable to that of the control group, 
but the baseline range was broader (Table 4), and the mean 
value of 522.25 depicted a sensitivity of 72.5% for the crisis 
to occur (Table 3).

SCD patients in this geographical region are often asso-
ciated with nutritional anemia, iron or B12 deficiency. The 
present study did not observe any significant differences 
between the groups in the MCV, MCH, and MCHC values. 
The observation might have been influenced due to the 
endemicity of malaria, iron deficiency anemia, and other 
causes of anemia. Diagnostic evaluation for anemia, such 
as measurement of serum ferritin, B12, folic acid levels, 

and malarial antigen, would have been beneficial in dis-
criminating the cases accordingly. Red cell indices should 
be evaluated to differentiate the categories accordingly. 
Very few studies could be found regarding the discrimina-
tion ability of the calculated red cell indices for crisis and 
steady state in SCD patients. Ahmed et al. demonstrated 
SLI as a screening tool for sickle cell with 78% sensitivity 
and 92% specificity [27]. Lakhani et al. revealed increased 
MI and SI in SCD cases than in SCT cases, suggesting 
iron deficiency in these patients [28]. Khaled et al. study 
observed significantly raised SLI, RI, SirI, and HH in SCT 
cases compared to the healthy control group. However, the 
RDWI, GKI, EF, SI, RI, SirI, and HH values were higher 
in SCD cases compared to SCT cases (p < 0.05). The study 
suggested SirI and EF indices screen out SCD and SCT 
with the Youden index (YI) of 87 and 83, respectively 
[9]. Sahli et al. findings suggested EI, MI, and SLI as the 
indices for differentiating SCD and SCT [8]. All the red 
cell indices except for EI and SLI were grossly elevated 
and recorded a broader baseline range in steady state than 
the control group (Tables 2 and 4). However, the mean val-
ues of GKI (129.86), RI (5.02), and HHI (31.49) recorded 
a sensitivity close to 70% (Table 3, Fig. 1b). All these 
parameters showed a significant negative correlation with 
Hb except for EI and SLI (shown in Fig. 2a–j). Although 
not significant to the level p < 0.05, the indices depicted 
a positive correlation with the severity score (shown in 
Fig. 4a–j) and negative influence on HbF (except for SLI) 
in the cases (shown in Fig. 3a–j). The finding accorded 
with the pathophysiology of the hemolytic crisis or painful 
crisis in these patients that immensely affect the red cell 
morphology and structural integrity. A larger sample size 
could have provided a better insight regarding the associa-
tion of these indices with HbF and severity score.

Strength and Limitations

The primary strength of the study is the evaluation of such 
a wide array of hematological and biochemical parameters. 
Few published articles have compared such a wide array of 
blood parameters in crisis and steady state in SCD cases. 
Of them, only a few derived the red cell indices, inflamma-
tory indices, and the steady-state reference interval. The 
major limitation of this study was the sample size. A study 
on a larger cohort of SCD from different areas should be 
designed for deriving the most sensitive and specific pre-
dictor marker. Detailed diagnostic evaluation of associ-
ated iron deficiency anemia and other causes of anemia 
was lacking in the present study. Including different Hb 
variants would have better characterized the quantitative 
variables.
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Conclusion

The study concluded that steady state cases should be moni-
tored regularly to assess the course of the disease and early 
affirmation regarding switching to a crisis state. The mark-
ers included are routinely performed in all hospital set up. 
Compared to the steady state, the crisis state cases depicted 
a significant increase in urea, AST, ALP, RDW%, TLC, 
inflammatory indices like NLR, SII, and all red cell indices 
except EI and SLI. A significant reduction was observed for 
sodium, total protein, albumin, AGR, iron, Hb, Hct, HbF, 
and LMR. Serial monitoring of Hb, Hct, LMR, total protein, 
albumin, and iron levels would benefit early assessment of 
crisis events. Red cell indices like RI, GKI, and HH could be 
good screening tools for crisis events, provided the cut-off 
values have been correctly evaluated for that population. The 
sensitivity of these markers as per the new cut-off derived 
from the mean values of the steady state cases was more than 
70%. The red cell indices depicted inverse relation with Hb 
and a positive association with severity score. Thus, the lab-
oratory should derive a new disease specific reference inter-
val and cut-off values at the steady state in SCD cases from 
the population it is catering samples rather than comparing 
it with healthy individuals or as per the manufacturer’s kit 
insert. This approach in daily practice would benefit SCD 
patients for early identification and therapeutic intervention.
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