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ARTICLE INFO ABSTRACT
Keywords: Objective: To compare the laboratory tests conducted in real-life settings for patients with anemia
Anemia with the expected prescriptions derived from an optimal checkup.
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Artificial intelligence

Methods: A panel of experts formulated an “optimal laboratory test assessment" specific to each
anemia profile. A retrospective analysis was done of the laboratory tests conducted according to the
type of anemia (microcytic, normocytic or macrocytic). Using an algorithmic system, the laboratory
tests performed in real-life practice were compared with the recommendations suggested in the
“optimal laboratory test assessment” and with seemingly “unnecessary” laboratory tests.

Results: In the analysis of the “optimal laboratory test assessment”, of the 1179 patients with
microcytic anemia, 269 (22.8%) had had one of the three tests recommended by the expert
system, and only 33 (2.8%) had all three tests. For normocytic anemia, 1054 of 2313 patients
(45.6%) had one of the eleven recommended tests, and none had all eleven. Of the 384 patients
with macrocytic anemia, 196 (51%) had one of the four recommended tests, and none had all
four. In the analysis of “unnecessary laboratory tests", one lab test was unnecessarily done in 727/
3876 patients (18.8%), i.e. 339 of 1179 (28.8%) microcytic, 171 of 2313 (7.4%) normocytic, and
217 of 384 (56.5 %) macrocytic anemias.

Conclusion: Laboratory investigations of anemia remain imperfect as more than half of the cases
did not receive the expected tests. Analyzing other diagnostic domains, the authors are currently
developing an artificial intelligence system to assist physicians in enhancing the efficiency of their
laboratory test prescriptions.
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1. Introduction

Anemia is a widespread condition seen in daily medical practice and it is recognized as a risk factor for several adverse outcomes,
including hospitalization, morbidity and mortality. In 2010, the global prevalence of anemia was 32.9%, affecting over 2.2 billion
people, with iron deficiency the most common cause [1]. When diagnosing anemia, numerous laboratory tests may be conducted,
following various classification systems [2,3]. One of the classification systems of anemia is based on observations that red blood cell
size can help to differentiate the potential etiology, and this resulted in the concept of “microcytic,” “normocytic,” and “macrocytic”
anemia. Another classification system for anemia focuses on the underlying mechanism, distinguishing between an increase in red
blood cell loss or a decrease in red blood cell production. If the reticulocyte count increases, then hemolysis and blood loss are primary
considerations. Conversely, when the reticulocyte count is low, potential causes of impaired marrow production should be considered;
such causes include nutritional deficiencies (iron, vitamin B12, folate, copper), marrow failure (aplastic anemia, pure red cell aplasia,
myelodysplasia, leukemia), lack of growth factors (lack of erythropoietin owing to chronic renal disease), and myelopathic processes
(cancer, infection). A blood smear can also offer valuable diagnostic clues as to the etiology of anemia.

Based on these classifications, after anemia is diagnosed, testing for specific causes might include a comprehensive range of lab-
oratory tests. These tests can include evaluations of kidney function, inflammation, nutritional deficiencies, thalassemia, sickle cell
disease, hemolysis and myeloma [2-6]. In daily practice, we often encounter challenges when faced with both the extensive range of
underlying diseases that can potentially cause anemia and the need for comprehensive laboratory tests to identify the etiological
factors. Due to the lack of studies outlining the ideal prescription for anemia detection, we have developed an expert system to help
physicians prescribe appropriate tests to investigate the different types of anemia. This study aimed to compare, in the context of
anemia, the effectiveness of laboratory tests conducted in a real-life setting with the recommended prescriptions for an optimal
checkup as defined by an expert system.

2. Methods

Based on a review of the literature and the established guidelines from medical societies [6-13,14-18], a group of experts including
both biologists and clinicians [PH, NB, SB, PC] defined an “optimal laboratory test assessment" for each of the following anemia
profiles. For microcytic anemia, tests included serum ferritin, transferrin saturation coefficient (TSAT) and C-reactive protein (CRP).
Tests for normocytic anemia included serum ferritin, TSAT, CRP, reticulocyte count, haptoglobin, serum creatinine, alanine amino-
transferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT), bilirubin, prothrombin time (PT) and thy-
reostimulin hormone (TSH). And for macrocytic anemia, the tests were reticulocyte count, haptoglobin, serum creatinine, ALT, AST,
GGT, bilirubin, PT, TSH, folate and vitamin B12 (Figs. 1-3). A list of laboratory tests that appeared to be “unnecessary” for each type of
anemia was also defined. For microcytic anemia these laboratory tests were reticulocyte count, haptoglobin, TSH, serum creatinine,
PT, AST, ALT, GGT, folate and vitamin B12; for normocytic anemia, they were folate and vitamin B12; and for macrocytic anemia,
serum ferritin, TSAT, serum creatinine and CRP.

A retrospective analysis was done of the medical records of patients who came to the Alphabio Laboratory (European Hospital site,
Marseille, France) between January 1st, 2021 and March 1st, 2021 and who presented with anemia (hemoglobin <12 g/dL in women
and <13 g/dL in men). The measurement of mean corpuscular volume (MCV) was used to determine the specific type of anemia, i.e.
microcytic (MCV <80 fl), normocytic (80<MCV <100 fl) or macrocytic (MCV >100 fl). Using the laboratory database, we obtained the
list of all additional laboratory tests conducted in the same laboratory for each anemic patient over a period ranging from seven days to
two months after the initial assessment (i.e. January 8th, 2021-May 1st, 2021).
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Fig. 1. Algorithm describing the step-by-step laboratory tests in microcytic anemia.
For each tree branch, gray boxes indicate the lab tests to be done, and orange boxes indicate the main diagnoses.
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Utilizing our expert algorithmic system, we compared the laboratory tests performed for each anemic patient within the study
period with those recommended by the expert system (known as “optimal laboratory test assessment™), based on the specific anemia
profile. In addition, we assessed the concordance between the “unnecessary” laboratory tests done for each anemic patient and the
“optimal laboratory test assessment”.

Data were extracted from the Odancio Version 2017.R2.2 laboratory computer system (Dedalus, Le Plessis Robinson, France) and
processed using SAS Version 9.4 statistical analysis software (SAS Institute Inc., Cary, NC, USA). The study was reported to the Health
Data Hub (MR-004 studies) under the reference F20220128113241.

3. Results

Out of the 20,670 patients who underwent hemoglobin determination within the specified period, 3876 (18.8%) were diagnosed
with anemia (mean age 56 years (standard deviation [Sd] [24], 62% male). Among these anemic patients, 1179 (30.4%) exhibited
microcytic anemia, 2313 (59.7%) normocytic anemia and 384 (9.9%) macrocytic anemia (Fig. 4). The mean age was 44 [24] years for
the microcytic patients, 60 [19] years for the normocytic patients, and 69 [18] years for those with macrocytic anemia (p<0.0001).
The male to female ratio was 27% in microcytic, 39% in normocytic and 59% in macrocytic patients (p<0.0001).

3.1. Analysis of “optimal laboratory test assessment”

Out of the 1179 patients with microcytic anemia, 269 (22.8%) patients had had at least one of the recommended tests as suggested
by the expert system, whereas only 33 (2.8%) patients had completed all three recommended tests (Fig. 4). For patients with nor-
mocytic anemia, 1054 of the 2313 (45.6%) patients had had at least one of the eleven recommended tests, and none had had all eleven
tests. Of the 384 patients with macrocytic anemia, 196 (51%) had had one of the recommended tests, and none had completed all four
recommended tests. Overall, a large proportion of anemic patients (ranging from 49% to 74.4%) did not undergo any portion of the
“optimal laboratory test assessment” as recommended by the expert system. Conversely, only zero to 2.8% of patients received the
complete “optimal laboratory test assessment” as prescribed.

3.2. Analysis of “unnecessary” laboratory tests

At least one “unnecessary” laboratory analysis was conducted in 727 of the 3876 (18.8%) patients diagnosed with anemia; these
included 339 of 1179 (28.8%) patients with microcytic anemia, 171 of 2313 (7.4%) patients with normocytic anemia and 217 of 384
(56.5 %) patients with macrocytic anemia (Fig. 5).

4. Discussion

In this large retrospective study, we found that laboratory tests performed in a real-life setting for the investigation of anemia often
deviated from the recommendations provided by our expert system. On one hand, over half of the patients did not receive any portion
of the expected laboratory tests, which may imply a potential “lost chance” for accurate diagnosis and treatment. On the other hand,
we also found that a fifth of patients had laboratory tests that appeared to be unnecessary, suggesting possible “unjustified expenses”.

Remarkably, in the context of a common clinical condition like anemia, a very high percentage of patients did not undergo the
recommended optimal laboratory tests. Once anemia is diagnosed, testing for specific causes may include an extensive list of labo-
ratory tests, including those for kidney function (serum creatinine, BUN, erythropoietin level), anemia of chronic disease (erythro-
poietin, ferritin, CRP), nutritional deficiencies (iron, ferritin, TSAT, vitamin B12, methylmalonic acid, folate, homocysteine, serum
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copper, ceruloplasmin), thalassemia (hemoglobin electrophoresis, DNA sequencing), sickle cell disease (sickle solubility test, hemo-
globin electrophoresis), hemolysis (haptoglobin, lactate dehydrogenase, indirect bilirubin, reticulocyte count) and myeloma (serum
protein electrophoresis and immunofixation, serum free light chain analysis) [2-10,14-18]. Using this approach, we designed an
automatic algorithmic system to assist in guiding the selection of appropriate laboratory tests based on the specific anemia profile
(Figs. 1 to 3). Implementation of this system should potentially reduce the overall number of required laboratory tests. For instance, in
the case of microcytic anemia, the algorithm suggests measuring ferritin, TSAT and CRP. Although iron deficiency is the leading cause
of microcytic anemia, our study showed a surprisingly low proportion of patients with this anemia profile who had all three rec-
ommended measurements. This situation is concerning as it deprives these patients of the opportunity for early diagnosis and treat-
ment of their iron deficiency, consequently increasing the risks of morbidity and mortality.

In this study, up to a fifth of cases had lab tests that appeared to not be indicated based on the specific type of anemia. Some
laboratory tests might be useful for the exploration of various anemia profiles. For example, laboratory tests helpful for the diagnosis of
both normocytic and macrocytic anemia include initially a reticulocyte count, followed subsequently by liver functions tests and TSH
level. However, in this study, the high number of prescriptions found for vitamin B12 and folate testing in the investigation of nor-
mocytic anemia, as well as ferritin and transferrin saturation for macrocytic anemia, did not appear reasonable.

The rapid advancement of artificial intelligence systems designed to assist physicians in patient care should be considered within
the scope of our chosen model, namely the optimization of laboratory tests for investigating anemia. As an example, we posed the
following question to ChatGPT: “What kind of laboratory testing do you suggest in the presence of an anemia?”” We obtained of generic
response that merely described anemia and its primary underlying causes, providing an extensive list of laboratory tests to be done.
However, ChatGPT exhibited numerous flaws, such as failing to stratify the response based on the anemia profile (micro-, normo- or
macrocytic). It also omitted several important tests, and suggested some unnecessary tests given the specific anemia profile (see
Supplementary Figure 1). As an example, ChatGPT failed to suggest helpful tests such as TSAT, CRP and hemoglobin electrophoresis
for microcytic anemia, whereas it suggested tests such as vitamin B12, folate and genetic analyses, which are not recommended for this
condition. Based on the findings of this study, we highlight the limitations of chatbots like GPT4 in providing accurate and relevant
recommendations for diagnostic work-ups.

Other expert systems and artificial intelligence on investigating anemia have been proposed. An app has been developed to estimate
hemoglobin levels by analyzing color and metadata of fingernail bed smartphone photos. It showed an ability to detect anemia with an
accuracy of +2.4 g/dL and a sensitivity of 97% when compared with complete blood count hemoglobin levels [20]. An intelligent
system, based on machine learning, that supports the automated diagnosis of anemia was trained on a dataset that contains two
different areas of the mucous membrane of the eye conjunctiva photos of patients. When appropriately trained on palpebral con-
junctiva images, this system showed good performance in classifying anemic and non-anemic patients [21]. A decision support system
using artificial neural network has been proposed for the diagnosis of anemia including 26 blood values for the proposed structure
accepted as system input [22]. Although interesting by their different approaches, researchers and clinicians should be aware that
reliance on uncontrolled artificial intelligence-based decision support systems without proper oversight may result in misdiagnosis
[23,19].

This study has several noteworthy strengths including its originality (no similar study exists in the literature), the large study
sample size, the wide variety of anemia types and finally the construction of an expert system that defines the “optimal laboratory
tests” specific to each type of anemia. We acknowledge certain limitations associated with this work. Firstly, although the sample size is
large, the data analyzed were derived from a single laboratory database over a limited time period. Additionally, in the analysis of the

Hemoglobin < 12 or 13 g/dl (F/M) and MCV > 100 fl

y

‘ Macrocytic anemia ‘
/ reticulocyte count \

vitamin B12

haptoglobin * folate
/ \ «  PT, AST, ALT, GGT
/ ™

low normal or high —
l v
l l Vit B12 deficiency

«—

N - . * Folate deficiency l
Hemolytic anemia Anemia due to «  Hypothyroidism
acute hemorrhage « Chronic liver disease Bone marrow

dysmyelopoiesis

Fig. 3. Algorithm describing the step-by-step laboratory tests in macrocytic anemia. Laboratory checkup recommended by ChatGPT4 for micro-
cytic, normocytic or macrocytic anemia. At the bottom, the blue boxes indicate laboratory tests suggested by the expert system but not by ChatGPT.
The orange boxes indicate laboratory tests suggested by ChatGPT, which appeared to be unnecessary according to the expert system. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



P. Halfon et al.

Practical Laboratory Medicine 39 (2024) e00357

Patients who had an hemoglobin determination between 01/01/2021
and 01/03/2021, N = 20,670

I

Anemic patients = 3,876 patients (18.8%) ‘

|

Microcytic anemia
N = 1,179 (30.4%)

|

22.8% (269 out of 1,179) patients
who had at least one of the
following tests

+ Ferritin N=163
* TSAT N=107

!

Normocytic anemia
N =2,313 (59.7%)

|

45.6% (1,054 out of 2,313)
patients who had at least one of
the following tests

Reticulocytes N=50
Haptoglobin N=10

)

Macrocytic anemia
N = 384 (9.9%)

l

51% (196 out of 384) patients who
had at least one of the following
tests

Reticulocytes N=21
Haptoglobin N=1

* C-reactive protein N=152 * Ferritin N=461 « Bilirubin N=114
* TSAT N=272
¢ TSHN=212 * Vit B12 N=33
« Creatininemia N=732 * Folate N=27
* C-reactive protein N=152 * TSHN=43
* Fibrinogen N=198 « PTN=73
* PTN=278 * AST N=146
¢ AST N=557 * ALT N=146
* ALT N=554 * GGT N=141
¢ GGT N=527
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Fig. 5. Analyses of laboratory tests done in patients with anemia, from a real-life database, categorized by the type of anemia (microcytic, nor-
mocytic or macrocytic) and which appeared to be unnecessary (i.e. not recommended by the algorithms, see Figures 1, 2 & 3).

“optimal laboratory tests”, we assumed that all patients had undergone follow-up laboratory examinations in the same laboratory. It is
possible that some patients may have had these tests done at a different laboratory. In such cases, we may have underestimated the
quantity and type of laboratory analyses conducted in real-life compared to those suggested by the expert system. As a result, this
limitation may have also led to an underestimation of the frequency of “unnecessary” laboratory tests. Caution must be used in the
analysis of seemingly “unnecessary tests", as without comprehensive clinical data, these laboratory tests may have been prescribed for
reasons unrelated to the specific investigation of anemia.

5. Conclusion

In real-life settings, laboratory investigations of anemia remain imperfect, with over half of the cases lacking at least one of the
expected tests. Conversely, in a fifth of cases the laboratory investigations included seemingly unnecessary tests. To gain a better
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understanding of our preliminary results, additional prospective multicenter studies conducted on a larger scale and incorporating
clinical data would be useful. Such studies should also include a medico-economic analysis in order to improve the patient care
pathway. Based on these data and from insight gained from various algorithmic systems in other diagnostic domains, the authors are
currently developing an artificial intelligence system to assist physicians in enhancing the efficiency of their laboratory test
prescriptions.
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CRP C-reactive protein
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PT prothrombin time
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GGT gamma glutamyl transpeptidase

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.plabm.2024.e00357. the comment of the
supplementary figure: Laboratory checkup recommended by ChatGPT4 for microcytic, normocytic or macrocytic anemia. At the
bottom, the blue boxes indicate laboratory tests suggested by the expert system but not by ChatGPT. The orange boxes indicate
laboratory tests suggested by ChatGPT, which appeared to be unnecessary according to the expert system.
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