
HAL Id: hal-02391381
https://hal.science/hal-02391381

Submitted on 8 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Computed and Subjective Blue Scleral Color Analysis as
a Diagnostic Tool for Iron Deficiency: A Pilot Study

Hervé Lobbes, Julien Dehos, Bruno Pereira, Guillaume Le Guenno, Laurent
Sarry, Marc Ruivard

To cite this version:
Hervé Lobbes, Julien Dehos, Bruno Pereira, Guillaume Le Guenno, Laurent Sarry, et al.. Computed
and Subjective Blue Scleral Color Analysis as a Diagnostic Tool for Iron Deficiency: A Pilot Study.
Journal of Clinical Medicine, 2019, 8 (11), pp.1876. �10.3390/jcm8111876�. �hal-02391381�

https://hal.science/hal-02391381
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Journal of

Clinical Medicine

Communication

Computed and Subjective Blue Scleral Color Analysis
as a Diagnostic Tool for Iron Deficiency: A Pilot Study

Hervé Lobbes 1,2,* , Julien Dehos 3, Bruno Pereira 4 , Guillaume Le Guenno 1 ,
Laurent Sarry 2 and Marc Ruivard 1,2

1 Internal Medicine Department, University Hospital Clermont-Ferrand, 1 place Lucie et Raymond Aubrac,
63003 Clermont-Ferrand, France; gleguenno@chu-clermontferrand.fr (G.L.G.);
mruivard@chu-clermontferrand.fr (M.R.)

2 Clermont Auvergne University, CNRS, SIGMA Clermont, Institute Pascal, Campus universitaire des
Cézeaux, 4 Avenue Blaise Pascal, 63178 Aubière, France; laurent.sarry@uca.fr

3 LISIC Laboratory, Côte d’Opale University, 50 Rue Ferdinand Buisson, 62228 Calais, France;
dehos@lisic.univ-littoral.fr

4 University Hospital Clermont-Ferrand, Biostatistics Unit, 58 Rue Montalembert, 63003 Clermont-Ferrand,
France; bpereira@chu-clemrontferrand.fr

* Correspondence: hervelobbes@gmail.com; Tel.: +33-4-73-750-086; Fax: +33-473-750-361

Received: 11 October 2019; Accepted: 1 November 2019; Published: 5 November 2019
����������
�������

Abstract: Iron deficiency (ID) is the most common nutritional deficiency. ID diagnosis requires
ferritin measurement because clinical findings are poor and nonspecific. We studied the diagnostic
value of blue sclera, which was scarcely reported as a specific and sensitive sign of ID. We enrolled
74 patients suspected of having ID. Pictures of their eyes were taken using a smartphone under
similar daylight conditions. Three independent physicians graded the scleral color, and a computer
analysis yielded the blue percentile of the sclera image. Final analysis included 67 patients (mean age
59.9 ± 20.1 years). Fifty-one had ID. Subjective blue scleral color was associated with ID for physician
1 (64.5% vs. 86.1%, p = 0.03). Sensitivity was 60.8% (CI95: 46.1%; 74.2%), specificity 68.8% (CI95: 41.3%;
89%), and positive predictive value 86.1% (CI95: 70.5%; 95.3%). A marginal difference was observed
for other physicians (p = 0.05). Computer analysis showed higher blue in the ID group (p = 0.04).
The area under the receiver operating characteristic (ROC) curve was 0.7 (0.54; 0.85). Sensitivity was
78.4% (CI95: 63.7%; 88.7%), specificity was 50% (CI95: 24.7%; 75.3%). Assessment of blue sclera was
not influenced by iris color, sex, or anemia. We showed that blue sclera has good positive predictive
value for ID diagnosis, and computer analysis was correlated to clinical assessment. Improvement of
this innovative, non-invasive method could provide an easy handling and inexpensive diagnosis tool
for ID.
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1. Introduction

Iron deficiency (ID) is the world’s most common form of nutritional deficiency [1], with a
prevalence of 4.5% to 18% [2]. ID remains the most common cause of anemia [3], with an annual
incidence of 7.2–13.96 per 1000 person-years [4]. ID leads to disability through impairment of cognitive
function [5], functional capacity, and quality of life [6,7], and it can be improved by iron supplementation.
Consequently, ID is a major public health issue.

ID diagnosis is based on the serum ferritin level, which is the most specific and sensitive test [8,9]
with a cutoff of ≤30 or ≤100 µg/L in cases of ID accompanied by inflammation. Clinical findings in ID
anemia are common to all types of anemia (fatigue, tachycardia [10]). For example, mucosal pallor was
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reported to have a sensitivity of 59% and a specificity of 63% for anemia diagnosis [11]. Iron is involved
in multiple functions of epithelial cells, which are characterized by their high turnover. As such,
various mucocutaneous manifestations are reported to be caused by ID, such as skin dryness, mild
alopecia, atrophic glossitis, or koilonychia [12,13], but their specificity and sensitivity remain unknown.

Among these signs, blueish coloration of the sclera was first described in 1908 by Osler in
iron-deficient, malnourished teenagers and then sporadically reported [14]. In the late 1980s,
Kalra et al. [15,16], Clemente et al. [17], and Kotsev et al. [18] published studies claiming that blue
sclera was a highly sensitive and specific sign of ID anemia. In both studies, assessment of the blueish
coloration of the sclera relied on subjective appreciation by physicians. Blue sclera can be associated
with a wide variety of conditions [19] such as collagen diseases, for example in osteogenesis imperfecta,
but these conditions are less common than ID. Recently, a clinical report of blue sclera has brought to
the fore this clinical feature [20,21].

Despite these encouraging results, the use of blue sclera has only rarely been reported, and its
assessment could be an inexpensive and effective diagnostic tool for ID. Therefore, we conducted a
pilot study to determine the value of clinical blue assessment of blue sclera for the diagnosis of ID in a
population of suspected ID. This study has two main objectives:

(i) to study the relationship between physician assessment of blue sclera and iron stores;
(ii) to provide an objective measurement of the blue color through computed analyses of eye images

obtained using a smartphone.

2. Experimental Section

2.1. Ethics

We conducted a pragmatic, prospective, monocentric study in Clermont-Ferrand University
Hospital. In line with French regulations, ethical approval was obtained from the International Review
Board “CPP Sud EST VI” (ref. number 2019/CE02). The study was conducted in accordance with the
Declaration of Helsinki and the Good Clinical Practice Recommendations.

2.2. Patients

The inclusion criteria were inpatients aged ≥18 years, with:

- Suspicion of ID as referral reason or discovered during the hospitalization regardless of the
referral reason:

◦ clinical suspicion of anemia and/or ID, supported by pruritus, fatigue, pallor, tachycardia,
restless leg syndrome, or glossitis;

◦ biological suspicion ID anemia defined by microcytic hypochromic anemia or normocytic
anemia with low reticulocyte count.

- Biological assessment of serum iron stores by serum ferritin (SF) or transferrin percent
saturation (TPS).

Exclusion criteria were medical history of Marfan or Ehler–Danlos syndrome, scurvy or
osteogenesis imperfecta, chronic kidney disease (serum creatinine > 150µmol/L or estimated glomerular
filtration rate by CKD-EPI < 30 mL/min), or eye surgery or injury.

As the entry point of the study was iron deficiency suspicion in patients referred to our internal
medicine department, a control group of healthy volunteers would not have been appropriate.

2.3. Creation of the Smartphone Application and Blue Color Software Analyzer

First, a smartphone application was created using OpenCV library (Intel, Santa Clara, CA, USA) to
provide repeatable image acquisition using multiple time exposure. We decided to use a smartphone
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device (Google Nexus 5X®, Mountain View, CA, USA) instead of a powerful professional camera
because the aim was to allow widespread use of this diagnostic tool. The smartphone application
allowed us to anonymize the pictures and to collect clinical and biological data for each patient. During
a preliminary study conducted using the first nine patients enrolled [22], we tested the application in
real conditions in our department, to determine an easy-handling and homogeneous image acquisition
procedure. Briefly, several parameters were considered: creation of an automated sequence of
multiple-time exposure image acquisition, deactivation of automated white color correction and white
balance, and use of natural daylight with all artificial lights turned off. To measure the true color of a
picture, we needed a white color reference. We first tried to use the reflection of natural daylight in the
sclera, but this method was too aleatory. We finally decided to use a white reference provided by a
color-checker (X-rite®, Grand Rapids, Michigan, USA), which was placed by the physician next to the
eye, to take a picture including both the eye and white patch of the color-checker.

Second, postprocessing software was created to analyze the blue color of the sclera: the computer
code used a Python (Python software foundation, Wilmington, Delaware, USA) script fully available
online at https://github.com/lasarry.com and was created by the department of one of the authors
(L.S.). To obtain pictures with a highly dynamic range, images with multiple time exposures were
merged into a single image. The software analyzed the percentage of each color (red, green, and
blue) in scleral pixels after white correction. The software uses several data sets, including acquisition
parameters of the images and coordinates of points inside the white color square and inside the sclerae,
which are manually entered. Briefly, the script extracts the white color square and the sclera by region
growing and gives output images. Then, the script takes the created output images as input, normalizes
color inside the sclera with the white square value, and produces the 75% percentile of blue (BP) for
each image.

2.4. Data Collection

The pictures were taken by the same physician throughout the study, who collected, at the same
time, clinical (age, sex, height, weight, body mass index; BMI) and biological data. The physician was
not involved in the later scleral color assessment process. Exposure conditions were standardized: the
patient sat next to a window in natural daylight. There was no direct contact with the patient, so the
process was completely noninvasive. Iris color was graded as light (grey, green, or blue) or dark.

Clinical assessment of blue sclera was conducted by three well-trained physicians of our
department who were familiar with the study protocol. We decided to include only three physicians
for three reasons: first, to be as close as possible to the process described in previous published
studies [15–18]; second, because increasing the number of raters risks decreasing the statistical power
because the inter-rater agreement in subjective assessment of clinical features is usually poor; third,
because as a consequence of the previous point, it appears necessary that the physicians are familiar
with scleral color evaluation. The physicians evaluated independently the color for each patient in
anonymized pictures to ensure blindness from the patient’s conditions. The sequence of evaluation
was randomized for each physician. Blue color was evaluated as 1 (absent), 2 (equivocal), 3 (definite),
and 4 (striking).

2.5. Outcome Assessment

ID was defined as stated by Camaschella and colleagues [23] by one of the following criteria:

- SF ≤ 30 µg/L, or ≤100 µg/L in the case of inflammatory syndrome,
- TPS ≤ 16% and SF ≤ 300 µg/L.

Subjective blue color of the sclera was defined by a sign graded as definite or striking. We also
used the definition used in previous studies, in that at least two physicians had to state that the sign as
definite or striking [15–18]. Objective blue color was measured by computer analysis as the percentage

https://github.com/lasarry.com
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of blue color in the 25% bluest pixel in the area of interest, which can be interpreted as a blue percentile
(BP) in the analyzed pixels.

We used three methods to delineate the area of interest of the sclera as follows:

- Automated method—the sclera is automatically recognized by the software, and the whole sclera
is analyzed. This method is termed full sclera (FS).

- Semi-automated method—the physician selects the bluest area of the sclera to allow the software
to delineate a small area of pixels with the same color characteristics. This method is termed
semi-automated sclera (SAS).

- Manual method—the analyzed area of sclera is manually delimited by the physician who
delineates the bluest area of the sclera. This method is termed manual sclera (MS).

Examples of native and post-processed pictures are shown in Figure 1:
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Figure 1. Examples of eye pictures taken during the study. (a) Native image of a 37-year-old woman 
without ID and no blue sclera with the white patch of the color checker. (b–d) Native and post-
processed pictures of an 86-year-old woman with blue sclera and ID, according to the method for 
sclera delineation. (b) Automated method (full sclera, FS); (c) semi-automated method (semi-
automated sclera, SAS); and (d) manual method (manual sclera, MS). 

2.6. Statistical Analysis  

Sample size was determined to guarantee a satisfactory statistical power (i) to evaluate the 
reproducibility between physicians’ assessments of sclera color and (ii) to study the relationship 
between physician assessment of blue sclera and iron stores. Concerning the reproducibility, it is 
usually recommended to include a sample greater than 50 patients to highlight a concordance 
coefficient at least 0.70 [24]. Concerning the relationship between physician assessment of blue sclera 

Figure 1. Examples of eye pictures taken during the study. (a) Native image of a 37-year-old woman
without ID and no blue sclera with the white patch of the color checker. (b–d) Native and post-processed
pictures of an 86-year-old woman with blue sclera and ID, according to the method for sclera delineation.
(b) Automated method (full sclera, FS); (c) semi-automated method (semi-automated sclera, SAS); and
(d) manual method (manual sclera, MS).
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2.6. Statistical Analysis

Sample size was determined to guarantee a satisfactory statistical power (i) to evaluate the
reproducibility between physicians’ assessments of sclera color and (ii) to study the relationship
between physician assessment of blue sclera and iron stores. Concerning the reproducibility, it is
usually recommended to include a sample greater than 50 patients to highlight a concordance coefficient
at least 0.70 [24]. Concerning the relationship between physician assessment of blue sclera and iron
stores, 60 to 70 patients would allow to show an absolute difference of 25% between ID and no ID (NID),
for a one-sided type I error at 5% and a statistical power at 80%. According to these considerations, it
seemed that a sample size of 60 could be interesting in order to satisfactorily evaluate the primary
objective of this study.

All statistical analyses were performed using Stata version 13 (StataCorp, College Station, TX, USA),
for a type I error at 5%. The categorical parameters were expressed as numbers and percentages, whereas
the quantitative variables were described as mean ± standard deviation or median (with interquartile
range), according to the statistical distribution. Normality was studied using the Shapiro–Wilk test. The
inter-rater reliability and agreement with the gold standard were evaluated using Lin’s concordance
coefficient for quantitative variables and Fleiss’s κ coefficient for categorical data. The results were
studied according to the usual rules defined in the literature [25]: 0.00–0.20 (poor agreement), 0.21–0.40
(fair agreement), 0.41–0.60 (moderate agreement), 0.61–0.80 (good agreement), and >0.80 (very good
agreement). Then, the between-group comparisons (ID vs. NID) were performed using the following
statistical tests: Student’s t-test, or Mann–Whitney test if the assumptions of the t-test were not met
(normality, and homoscedasticity as identified by the Fisher–Snedecor test) for quantitative variables;
and χ2 test or, if necessary, Fisher’s exact test for categorical variables. Statistical analyses were
completed by analyzing the receiver operating characteristic (ROC) curve to determine the most
appropriate threshold to predict ID for each method of FS, SAS, and MS. The optimal threshold was
determined according to usual indexes reported in medical literature (Youden, Liu and efficiency).
Then, sensitivity, specificity, and predictive values were estimated and expressed with 95% confidence
intervals. Finally, to study the relationship between assessment of blue sclera and iron stores, a
multivariable analysis, using logistic regression, was conducted to consider possible confounders
determined according to clinical and biological relevance including age, gender, hemoglobin, and
C-reactive protein (CRP). The results were expressed as an odds ratio (OR) and confidence interval
95% (CI95).

3. Results

From November 2014 to July 2018, 83 consecutive inpatients were enrolled. A flowchart is
available in the Supplementary Figure S1. As previously stated, we adjusted the technical settings on
the camera to provide adequate picture quality using the first nine patients enrolled. These patients
were not included in the final analysis because of the non-homogeneous shooting procedure: 6 of
them had no pictures with white patches identified by the color-checker, and 3 of them did not
have the multiple time-exposures required to create high dynamic range images. During the second
phase, we tested 74 patients using the same procedure for shooting and the same camera settings.
We excluded 7 patients: 4 because of poor picture quality (blurred images, over- or underexposed
images), and 3 because of a lack of biological data regarding iron stores. A total of 67 were included in
the final analysis.

3.1. Inclusion Characteristics

The male:female ratio was 0.8 in the overall population and was significantly lower in the
ID group (0.59) than in the NID group (2.2). Mean age was significantly higher in the ID group
(p = 0.01). Sixty-three patients were Caucasian, three were North-African, and one was Asian. Overall,
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52/67 (77.6%) patients had anemia (hemoglobin ≤12 g/dL for women, ≤13 g/dL for men): 46/51 in the
ID group and 7/16 in the NID group. Baseline characteristics are shown in Supplementary Data (S2).

3.2. Physician Assessment of Blue Sclera

We first compared physician assessments of sclera color and iron stores (ID or NID) (Table 1). We
found a significant association between subjective blue color assessment of the sclera by physician 1 and
the diagnosis of ID (p = 0.03). Multivariable logistic regression adjusted for age, gender, hemoglobin,
and CRP confirmed this result (OR 2.39 (CI95: 1.08; 5.27), p = 0.03). However, we found a marginal
difference for physicians 2 and 3 (p = 0.05).

Table 1. Physician assessment of blue sclera and iron stores.

No Iron Deficiency
(n = 16)

Iron Deficiency
(n = 51)

p Value

Physician 1 Blue (%)
(anemic) 5 (13.89)

(3)
31 (86.11)

(27) p = 0.03
No blue (%)
(anemic) 11 (35.48)

(4)
20 (64.52)

(18)

Physician 2 Blue (%)
(anemic) 3 (11.54)

(2)
23 (88.46)

(17) p = 0.05
No blue (%)
(anemic) 13 (31.71)

(5)
28 (68.29)

(24)

Physician 3 Blue (%)
(anemic) 1 (6.25)

(1)
15 (93.75)

(10) p = 0.05
No blue (%)
(anemic) 15 (29.41)

(6)
36 (70.59)

(31)

In bold, number and percent (in brackets) of patients graded as blue sclera and no blue sclera by physicians according
to iron stores and anemia. NID: no iron deficiency; ID: iron deficiency.

Subjective analysis of blue color was not influenced for any of the physicians by iris color (p = 0.28,
p = 0.37, and p = 0.44, respectively), sex (p = 0.58, p = 0.23, and p = 0.50, respectively), or the presence
of anemia (p = 0.22, p = 0.08, and p = 0.07, respectively).

Sensitivity was low: 60.8% (CI95: 46.1%; 74.2%), 45.1% (CI95: 31.1%; 59.7%), and 29.4% (CI95:
17.5%; 43.8%) for physicians 1, 2, and 3, respectively. Specificity was 68.8% (CI95: 41.3%; 89%), 81.3%
(CI95: 54.4%; 96%), and 93.8% (CI95: 69.8%; 99.8%) for physicians 1, 2, and 3, respectively. Positive
predictive value (PPV) was 86.1% (CI95: 70.5%; 95.3%), 88.5% (CI95: 69.8%; 97.6%), and 93.8% (CI95:
69.8%; 99.8%) for physicians 1, 2, and 3 respectively. Negative predictive value (NPV) was low: 35.5%
(CI95: 19.2%; 54.6%), 31.7% (CI95: 18.1%; 48.1%), and 29.4% (CI95: 17.5%; 43.8%) for physicians 1, 2,
and 3, respectively. Positive likelihood ratio (LR) was 1.95 (CI95: 0.91; 4.16), 2.41 (CI95: 0.83; 6.97), and
4.71 (CI95: 0.67; 32.9) for physicians 1, 2, and 3, respectively.

When we used the definition of blue sclera found in previous studies, we found no significant
association between blue sclera and ID (p = 0.09). This result could be linked to a poor inter-rater
reliability, as shown by the Fleiss’s κ value, which was between 0.09 and 0.23. Sensitivity was 51%
(CI95: 36.6%; 56.2%), specificity was 93.8% (CI95: 69.8%; 99.8%), PPV was 96.3% (CI95: 81%; 99.9%),
and NPV 37.5% (CI95: 22.7%; 54.2%). Positive LR was 8.16 (CI95: 1.2; 55.5).

3.3. Computed Analysis of Blue Color

The concordance between the three methods of computed sclera color analysis was excellent, as
shown by the Lin’s concordance correlation coefficient: r = 0.929 (FS vs. MS), r = 0.927 (FS vs. SAS),
and r = 0.945 (MS vs. SAS).
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We found no effect of iris color on computed sclera color via any of the three methods (FS: p = 0.68;
MS: p = 0.88; SAS: p = 0.94). As 94% of our patients were Caucasian, we did not perform any analysis
according to skin color. Computed results of blue color analysis are shown in Table 2.

Table 2. Computed blue color assessment according to the delineation method.

NID (n = 16) ID (n = 51) p Value

FS
All patients
Anemic patients
Nonanemic patients

29.18 ± 4.31
27.42 ± 4.78
30.55 ± 3.59

31.07 ± 3.33
30.77 ± 3.42
33.26 ± 1.12

p = 0.12

MS
All patients
Anemic patients
Nonanemic patients

29.12 ± 3.53
27.74 ± 2.97
30.20 ± 3.71

31.24 ± 3.39
31.01 ± 3.51
33.00 ± 1.57

p =0.04

SAS
All patients
Anemic patients
Nonanemic patients

29.03 ± 3.87
27.88 ± 4.02
29.93 ± 3.73

31.19 ± 3.29
30.99 ± 3.43
32.73 ± 1.16

p = 0.05

Results are presented as mean ± standard deviation of blue percentile (BP) according to iron stores for each method
of scleral delineation (in bold, results for all patients regardless of the diagnosis of anemia). NID: no iron deficiency;
ID: iron deficiency. FS: full sclera; MS: manual sclera; and SAS: semi-automated sclera.

Blue color seemed to be higher in ID than in NID subjects for all three methods, but the difference
reached significance only for the MS method (p = 0.04) (FS method: p = 0.12; and SAS method: p = 0.05).
Multivariable analyses confirmed these results (OR 1.28 (CI95: 1.03; 1.58), p = 0.02), with adjustment
on age, gender, hemoglobin, and CRP levels

For physicians 1 and 3, the MS-computed blue color was significantly higher in patients with blue
sclera (graded as definite or striking) compared to patients without blue sclera (p = 0.002 and p < 0.001
respectively, Table 3). For physician 2, the difference did not reach statistical significance (p = 0.33).

Table 3. Computed blue sclera assessment by the MS method by physician.

No Blue Sclera Blue Sclera p Value

Physician 1
All patients
Anemic patients
Nonanemic patients

29.27 ± 4.19
28.85 ± 4.37
30.31 ± 3.76

32.00 ± 2.17
31.78 ± 2.22
33.32 ± 1.38

p = 0.002

Physician 2
All patients
Anemic patients
Nonanemic patients

30.42 ± 3.93
30.24 ± 4.06
30.94 ± 3.67

31.23 ± 2.75
31.00 ± 2.81
33.00 ± 1.56

p = 0.33

Physician 3
All patients
Anemic patients
Nonanemic patients

30.01 ± 3.93
29.56 ± 3.63
31.21 ± 3.37

33.03 ± 1.93
33.05 ± 2.00
NC (n = 1)

p < 0.001

Results are presented as mean ± standard deviation of blue percentile (BP) assessed by the manual sclera method
according to physician assessment of sclera color (in bold, results for all patients regardless of the diagnosis of anemia).
NC: not calculable. No significant difference in BP for any physician between anemic and nonanemic patients.

3.4. ROC Curves for Computed Blue Color

For the detection of ID, the ROC curve with the FS method (Figure 2a) showed a sensitivity of
90.2% (CI95: 78.6%; 96.7%), a specificity of 43.8% (CI95: 19.8%; 70.1%), PPV of 83.6% (CI95: 71.2%;
92.2%), and NPV of 58.3% (CI95: 27.7%; 84.8%) with a threshold of 27.6 (Youden index).
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The MS method (Figure 2b) showed a sensitivity of 78.4% (CI95: 64.7%; 88.7%), a specificity of
50% (CI95: 24.7%; 75.3%), PPV of 83.3% (CI95: 69.8%; 92.5%), and NPV of 42.1% (CI95: 20.3%; 66.5%)
with a threshold of 29.1 and the highest area under the curve of 0.7 (CI95: 0.54; 0.85).

The SAS method (Figure 2c) showed a sensitivity of 84.3% (CI95: 71.4%; 93%), a specificity of 50%
(CI95: 24.7%; 75.3%), PPV of 84.3% (CI95: 71.4%; 93%), and NPV of 50% (CI95: 24.7%; 75.3%) with a
threshold of 28.9.
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4. Discussion

To our best knowledge, ours is the first attempt to provide an objective measurement of blue sclera
as a diagnostic tool for ID. We performed a two-step study. First, we evaluated subjective blue color
assessment by three well-trained physicians who were blinded to the results of iron-store analysis.
Our results are at odds with previously published work [14]. In our study, PPV was high (86.1%–93.8%
depending on the physician), but sensitivity and specificity were low. One explanation could be the
difference in inclusion criteria. We included patients based on clinical or biological suspicion of ID,
while previous studies included patients with and without suspicion of anemia or ID. Furthermore,
assessment of blue color was different in our study to ensure blindness of the physicians. Color
assessment was undertaken on anonymized pictures in our study, while it was live in previous studies.
Second, we applied a computer analysis of blue scleral color; blue color was higher in patients graded
with blue sclera by physicians. Results were contradictory depending on the methodology used to
delineate the sclera. The best results were obtained with the MS method, but specificity was poor with
the three methods. These results might be due to interference color signals induced by the presence
of blood vessels in the analyzed area of interest, enhancing the amount of red color. Although MS
requires physician intervention, this method helps to avoid some image oddities that could reduce the
quality of the computer analysis.

Blue coloration of the sclera can be found in a wide variety of conditions such as antibiotic
treatment by minocycline [26], alkaptonuria, or osteogenesis imperfecta (OI) [27]. In OI, quantitative
or qualitative defects in type 1 collagen induces bone fragility. Notably, none of our patients had a
history of multiple bone fractures or dysmorphic features. Electron microscopy of sclera tissues from
OI patients revealed reduced collagen thickness of collagen fibers indicative of immature collagen,
which is more translucent than normal collagen. This feature could explain the blueish coloration
by making the blood vessels and underlying uveal pigment more visible [28,29]. Collagen structure
of the sclera is composed of 90% type I collagen fibers [30], whose synthesis requires nonheme iron
prolyl-4-hydroxylase [31]. We postulate that ID leads to impaired synthesis of type I collagen fibers
reducing sclera thickness and resulting in blueish coloration. This hypothesis could be easily verified
through non-invasive measurements of the sclera by anterior-segment optical coherent tomography [32].
Several limitations of our work can be raised. First, the study was conducted in a single center (tertiary
medical care center). Second, only three physicians of the same department were involved in the
clinical blue color assessment. Third, we did not evaluate the effect of iron supplementation on this
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clinical feature. Indeed, iron supplementation should restore normal collagen synthesis; the blue tint
should disappear after iron correction, but, to date, there are no data in the literature to support this
hypothesis. Further studies should focus on this question to improve the understanding of this feature.
In line with this consideration, we suggest that including a control group of healthy volunteers would
be also of interest to compare the diagnostic value of blue sclera for iron deficiency diagnosis in the
general population.

In OI, blue sclera assessment was graded by comparison with a commercial scale of blue color.
The grades ranged from 8 (bluest grade), which was a 50% dilution of the hue of a 4-year-old patient
with OI, to 1 (almost white) by 50% dilution between each grade [33]. In our study, physicians graded
the blue color in comparison with an absolute white color provided by a color-checker (X-Rite®), but
the inter-rater reliability was poor. Any attempt to increase the complexity of the grading might reduce
even further the extent of agreement between the assessors. Interestingly, iris color affected neither the
assessment of the physician nor the computed analysis of the sclera color.

Moreover, the small size of our population meant that we could not perform an analysis according
to ethnicity or to the presence of anemia, and we could not evaluate the impact of the severity of ID
nor its duration. Finally, as a result of intrinsic efficiency characteristics of the test, computed study of
blue color at the current state of development seems not efficient enough to provide wide use of this
diagnosis method. However, the fair correlation between clinical assessment and computed evaluation
is an encouraging result to develop this protocol further.

5. Conclusions

Physician assessment of blue sclera has a good PPV for the diagnosis of ID in subjects with
clinical or biological suspicion of ID. However, sensitivity and specificity are poor, and the inter-rater
agreement is low. As such, in routine medical practice, the presence of blue sclera should encourage
physicians to search for ID, but blood analysis remains the mainstay for ID diagnosis.

Computed analysis provides encouraging results: blue color is higher in ID than in NID, but the
diagnostic value depends on the methodology used to delineate the sclera. Further studies should
focus on improving blue detection to enhance sensitivity and specificity. The improvement of this
innovative method could provide an easy handling and inexpensive diagnosis tool of great interest for
ID diagnosis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/11/1876/s1,
Figure S1 Flowchart. Table S2: Baseline characteristics of population. Experimental and research data, computer
code (OpenCV/Python script) are available online at https://github.lasarry/BlueSIDE.

Author Contributions: Conceptualization, H.L, J.D., G.L.G, L.S., and M.R.; methodology H.L., J.D., L.S., B.P., and
M.R.; software, J.D. and L.S.; formal analysis, H.L. and B.P.; investigation, H.L. and G.L.G; writing—original draft
preparation, H.L., writing—review and editing, H.L., B.P, G.L.G., and M.R.; supervision, J.D., L.S., and M.R.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. McLean, E.; Cogswell, M.; Egli, I.; Wojdyla, D.; de Benoist, B. Worldwide prevalence of anaemia, WHO
Vitamin and Mineral Nutrition Information System, 1993–2005. Public Health Nutr. 2009, 12, 444–454.
[CrossRef] [PubMed]

2. Mei, Z.; Cogswell, M.E.; Looker, A.C.; Pfeiffer, C.M.; Cusick, S.E.; Lacher, D.A.; Grummer-Strawn, L.M.
Assessment of iron status in US pregnant women from the National Health and Nutrition Examination
Survey (NHANES), 1999–2006. Am. J. Clin. Nutr. 2011, 93, 1312–1320. [CrossRef] [PubMed]

3. Kassebaum, N.J.; Jasrasaria, R.; Naghavi, M.; Wulf, S.K.; Johns, N.; Lozano, R.; Regan, M.; Weatherall, D.;
Chou, D.P.; Eisele, T.P.; et al. A systematic analysis of global anemia burden from 1990 to 2010. Blood 2014,
123, 615–624. [CrossRef] [PubMed]

http://www.mdpi.com/2077-0383/8/11/1876/s1
https://github.lasarry/BlueSIDE
http://dx.doi.org/10.1017/S1368980008002401
http://www.ncbi.nlm.nih.gov/pubmed/18498676
http://dx.doi.org/10.3945/ajcn.110.007195
http://www.ncbi.nlm.nih.gov/pubmed/21430118
http://dx.doi.org/10.1182/blood-2013-06-508325
http://www.ncbi.nlm.nih.gov/pubmed/24297872


J. Clin. Med. 2019, 8, 1876 10 of 11

4. Levi, M.; Rosselli, M.; Simonetti, M.; Brignoli, O.; Cancian, M.; Masotti, A.; Pegoraro, V.; Cataldo, N.;
Heiman, F.; Chelo, M.; et al. Epidemiology of iron deficiency anaemia in four European countries:
A population-based study in primary care. Eur. J. Haematol. 2016, 97, 583–593. [CrossRef] [PubMed]

5. Bruner, A.B.; Joffe, A.; Duggan, A.K.; Casella, J.F.; Brandt, J. Randomised study of cognitive effects of iron
supplementation in non-anaemic iron-deficient adolescent girls. Lancet 1996, 348, 992–996. [CrossRef]

6. Anker, S.D.; Comin Colet, J.; Filippatos, G.; Willenheimer, R.; Dickstein, K.; Drexler, H.; Lüscher, T.F.; Bart, B.;
Banasiak, W.; Niegowska, J.; et al. Ferric carboxymaltose in patients with heart failure and iron deficiency.
N. Engl. J. Med. 2009, 361, 2436–2448. [CrossRef]

7. Krayenbuehl, P.-A.; Battegay, E.; Breymann, C.; Furrer, J.; Schulthess, G. Intravenous iron for the treatment
of fatigue in nonanemic, premenopausal women with low serum ferritin concentration. Blood 2011, 118,
3222–3227. [CrossRef]

8. Daru, J.; Colman, K.; Stanworth, S.J.; De La Salle, B.; Wood, E.M.; Pasricha, S.-R. Serum ferritin as an indicator
of iron status: What do we need to know? Am. J. Clin. Nutr. 2017, 106, 1634S–1639S. [CrossRef]

9. Camaschella, C. Iron deficiency. Blood 2019, 133, 30–39. [CrossRef]
10. Lopez, A.; Cacoub, P.; Macdougall, I.C.; Peyrin-Biroulet, L. Iron deficiency anaemia. Lancet 2016, 387, 907–916.

[CrossRef]
11. Kalantri, A.; Karambelkar, M.; Joshi, R.; Kalantri, S.; Jajoo, U. Accuracy and Reliability of Pallor for Detecting

Anaemia: A Hospital-Based Diagnostic Accuracy Study. PLoS ONE 2010, 5, e8545. [CrossRef] [PubMed]
12. Sato, S. Iron deficiency: Structural and microchemical changes in hair, nails, and skin. Semin. Derm. 1991, 10,

313–319.
13. DiBaise, M.; Tarleton, S.M. Hair, Nails, and Skin: Differentiating Cutaneous Manifestations of Micronutrient

Deficiency. Nutr. Clin. Pr. 2019, 34, 490–503. [CrossRef] [PubMed]
14. Hall, G.H. New sign of iron dificiency? Lancet 1971, 2, 935. [CrossRef]
15. Kalra, L.; Hamlyn, A.N.; Jones, B.J. Blue sclerae: A common sign of iron deficiency? Lancet 1986, 2, 1267–1269.

[CrossRef]
16. Kalra, L.; Treloar, A.; Price, R.; Jones, B.J. Blue sclerae and iron deficiency in general practice. Lancet 1987, 1,

335. [CrossRef]
17. Iglesias Clemente, J.M.; Rodríguez García, S.; Molina Hernando, M.A. Evaluation of a clinical sign in

predicting iron deficiency in women: The blue sclera. Aten. Primaria 1990, 7, 552–554.
18. Kotsev, I.; Pavlov, S.; Zheleva, D.; Gencheva, T. Blue sclera in iron deficiency conditions. Klin. Med. (Mosk)

1991, 69, 85–86.
19. Brooks, J.K. A review of syndromes associated with blue sclera, with inclusion of malformations of the head

and neck. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2018, 126, 252–263. [CrossRef]
20. Crop, M.J.; Ramdas, W.D.; Levin, M.-D. Blue sclerae: Diagnosis at a glance. Neth. J. Med. 2016, 74, 215.
21. Hassen, G.W.; Chirurgi, R.; Kalantari, H. Blue sclera secondary to severe iron deficiency anemia. QJM 2017,

110, 835–836. [CrossRef] [PubMed]
22. Berthommier, C. Development of a Diagnosis Tool Based on Color Measurement of the Eye. Master’s Thesis,

Limoges University, Limoges, France, 2016.
23. Camaschella, C. New insights into iron deficiency and iron deficiency anemia. Blood Rev. 2017, 31, 225–233.

[CrossRef] [PubMed]
24. Terwee, C.B.; Bot, S.D.M.; de Boer, M.R.; van der Windt, D.A.W.M.; Knol, D.L.; Dekker, J.; Bouter, L.M.;

de Vet, H.C.W. Quality criteria were proposed for measurement properties of health status questionnaires.
J. Clin. Epidemiol. 2007, 60, 34–42. [CrossRef] [PubMed]

25. Altman, D.G. Practical statistics for medical research. Stat. Med. Chapman Hall 1991, 10, 1635–1636.
26. Johnston, S. Feeling blue? Minocycline-induced staining of the teeth, oral mucosa, sclerae and ears—A case

report. Br. Dent. J. 2013, 215, 71–73. [CrossRef]
27. Tournis, S.; Dede, A.D. Osteogenesis imperfecta—A clinical update. Metab. Clin. Exp. 2018, 80, 27–37.

[CrossRef]
28. Chan, C.C.; Green, W.R.; de la Cruz, Z.C.; Hillis, A. Ocular Findings in Osteogenesis Imperfecta Congenita.

Arch. Ophthalmol. 1982, 100, 1459–1463. [CrossRef]
29. Lanting, P.J.H.; Borsboom, P.C.F.; te Meerman, G.J.; ten Kate, L.P. Decreased scattering coefficient of blue

sclerae. Clin. Genet. 1985, 27, 187–190. [CrossRef]

http://dx.doi.org/10.1111/ejh.12776
http://www.ncbi.nlm.nih.gov/pubmed/27155295
http://dx.doi.org/10.1016/S0140-6736(96)02341-0
http://dx.doi.org/10.1056/NEJMoa0908355
http://dx.doi.org/10.1182/blood-2011-04-346304
http://dx.doi.org/10.3945/ajcn.117.155960
http://dx.doi.org/10.1182/blood-2018-05-815944
http://dx.doi.org/10.1016/S0140-6736(15)60865-0
http://dx.doi.org/10.1371/journal.pone.0008545
http://www.ncbi.nlm.nih.gov/pubmed/20049324
http://dx.doi.org/10.1002/ncp.10321
http://www.ncbi.nlm.nih.gov/pubmed/31144371
http://dx.doi.org/10.1016/S0140-6736(71)92561-X
http://dx.doi.org/10.1016/S0140-6736(86)92688-7
http://dx.doi.org/10.1016/S0140-6736(87)92070-8
http://dx.doi.org/10.1016/j.oooo.2018.05.012
http://dx.doi.org/10.1093/qjmed/hcx163
http://www.ncbi.nlm.nih.gov/pubmed/29024963
http://dx.doi.org/10.1016/j.blre.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28216263
http://dx.doi.org/10.1016/j.jclinepi.2006.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17161752
http://dx.doi.org/10.1038/sj.bdj.2013.682
http://dx.doi.org/10.1016/j.metabol.2017.06.001
http://dx.doi.org/10.1001/archopht.1982.01030040437014
http://dx.doi.org/10.1111/j.1399-0004.1985.tb00209.x


J. Clin. Med. 2019, 8, 1876 11 of 11

30. Coudrillier, B.; Pijanka, J.; Jefferys, J.; Sorensen, T.; Quigley, H.A.; Boote, C.; Nguyen, T.D. Collagen Structure
and Mechanical Properties of the Human Sclera: Analysis for the Effects of Age. J. Biomech. Eng. 2015, 137,
0410061–04100614. [CrossRef]

31. Shoulders, M.D.; Raines, R.T. Collagen Structure and Stability. Annu. Rev. Biochem. 2009, 78, 929–958.
[CrossRef]

32. Buckhurst, H.D.; Gilmartin, B.; Cubbidge, R.P.; Logan, N.S. Measurement of Scleral Thickness in Humans
Using Anterior Segment Optical Coherent Tomography. PLoS ONE 2015, 10, e0132902. [CrossRef] [PubMed]

33. Sillence, D.; Butler, B.; Latham, M.; Barlow, K. Natural history of blue sclerae in osteogenesis imperfecta.
Am. J. Med. Genet. 1993, 45, 183–186. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1115/1.4029430
http://dx.doi.org/10.1146/annurev.biochem.77.032207.120833
http://dx.doi.org/10.1371/journal.pone.0132902
http://www.ncbi.nlm.nih.gov/pubmed/26218188
http://dx.doi.org/10.1002/ajmg.1320450207
http://www.ncbi.nlm.nih.gov/pubmed/8456800
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Ethics 
	Patients 
	Creation of the Smartphone Application and Blue Color Software Analyzer 
	Data Collection 
	Outcome Assessment 
	Statistical Analysis 

	Results 
	Inclusion Characteristics 
	Physician Assessment of Blue Sclera 
	Computed Analysis of Blue Color 
	ROC Curves for Computed Blue Color 

	Discussion 
	Conclusions 
	References

