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Abstract 

Objectives  Cryptococcosis remains a severe global health concern, underscoring the urgent need for rapid and reli‑
able diagnostic solutions. Point-of-care tests (POCTs), such as the cryptococcal antigen semi-quantitative (CrAgSQ) 
lateral flow assay (LFA), offer promise in addressing this challenge. However, their subjective interpretation poses 
a limitation. Our objectives encompass the development and validation of a digital platform based on Artificial Intelli‑
gence (AI), assessing its semi-quantitative LFA interpretation performance, and exploring its potential to quantify CrAg 
concentrations directly from LFA images.

Methods  We tested 53 cryptococcal antigen (CrAg) concentrations spanning from 0 to 5000 ng/ml. A total of 318 
CrAgSQ LFAs were inoculated and systematically photographed twice, employing two distinct smartphones, result‑
ing in a dataset of 1272 images. We developed an AI algorithm designed for the automated interpretation of CrAgSQ 
LFAs. Concurrently, we explored the relationship between quantified test line intensities and CrAg concentrations.

Results  Our algorithm surpasses visual reading in sensitivity, and shows fewer discrepancies (p < 0.0001). The system 
exhibited capability of predicting CrAg concentrations exclusively based on a photograph of the LFA (Pearson correla‑
tion coefficient of 0.85).

Conclusions  This technology’s adaptability for various LFAs suggests broader applications. AI-driven interpretations 
have transformative potential, revolutionizing cryptococcosis diagnosis, offering standardized, reliable, and efficient 
POCT results.

Keywords  Cryptococcosis, Lateral flow assay (LFA), Artificial intelligence (AI), Smartphone, Semiquantitative assay, 
Antigen quantification
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Introduction
Cryptococcosis is a severe opportunistic fungal infec-
tion that primarily affects people with HIV (Antinori 
2013; Firacative et  al. 2021). Cryptococcus neoformans, 
the main etiologic agent of Cryptococcosis, has been 
classified by the World Health Organization (WHO) as 
a critical priority pathogen (World Health Organization 
2022b). In 2020, there were 680,000 HIV-related deaths 
worldwide, of which 19% were attributed to cryptococco-
sis. Although the incidence of the disease varies by geo-
graphic location, it is estimated that more than 150,000 
cases of cryptococcal meningitis occur annually world-
wide (Rajasingham et  al. 2022; World Health Organiza-
tion 2018). Latin America has an incidence of 5300 cases 
of Cryptococcus-associated meningitis per year, and in a 
prospective cohort study conducted in Guatemala among 
HIV patients, the overall incidence of cryptococcal dis-
ease was 8.7% in patients with < 200  CD4/mm3 (Firaca-
tive et al. 2018; Medina et al. 2021). Early detection and 
proper treatment are fundamental to reducing morbidity 
and mortality.

The WHO guidelines for the diagnosis, prevention, and 
management of cryptococcal infection in HIV-infected 
patients recommend screening of cryptococcal antigen in 
all patients with a CD4 cell count of less than 200 (World 
Health Organization 2018, 2022a). For disease screen-
ing, immunochromatographic tests such as lateral flow 
assays (LFA) have been shown to be optimal due to their 
adaptability to resource-limited settings and ability to be 
performed at the point-of-care (POC). In addition, cryp-
tococcal antigen (CrAg) LFA test offer results in around 
10 min, with sensitivity and specificity of > 99% and 98%, 
respectively (Tang et al. 2016).

IMMY, a diagnostic company (https://​www.​immy.​
com), has developed two tests for detecting CrAg: the 
CrAg® LFA (qualitative) and the CrAgSQ LFA (semi-
quantitative in one step). Currently, the qualitative test 
is the most widely used worldwide, providing a binary 
outcome of either positive or negative. Positive results 
from this test necessitate a lumbar puncture to rule out 
cryptococcal meningitis. However, this recommenda-
tion is not universally implemented due to various rea-
sons, leading to the omission of this diagnostic procedure 
in many cases with positive CrAg results. A more com-
prehensive risk assessment for patients with a positive 
CrAg test can reinforce the importance of lumbar punc-
ture for the diagnosis or exclusion of cryptococcal men-
ingitis. Moreover, in cases of high cryptococcal antigen 
concentrations, the qualitative test may produce false 
negatives due to the postzone effect which is when there 
is an excess of antigen relative to antibody leading to a 
decrease in the visible reaction between the antigen and 
the antibody. This effect is observed in immunoassays, 

such as precipitation or agglutination reactions, and can 
lead to false-negative results. Beyond simply indicating 
positivity or negativity, quantifying CrAg concentrations 
holds significant importance. Studies have linked higher 
CrAg titers to increased fungal burden and elevated mor-
tality risk in cryptococcal meningitis patients (Jarvis et al. 
2014). Thus, classifying patients based on CrAg titers 
could offer prognostic value, identifying those requiring a 
lumbar puncture versus those treatable with fluconazole 
alone. This enables personalized diagnostic and treat-
ment strategies for individuals with cryptococcosis.

The introduction of the new cryptococcal antigen 
semi-quantitative (CrAgSQ) LFA could provide a better 
assessment of the risk and resolves the limitations of the 
qualitative LFA, as it can classify patients into five stages 
that correlate with the severity of cryptococcosis (Bla-
sich et al. 2021; Tadeo et al. 2021) as depicted in Fig. 1. 
However, interpreting the test is complex and requires 
intensive and specialized training for healthcare work-
ers using it, which is difficult and time-consuming. Other 
factors, such as the number of weekly tests performed in 
the health facility, the turnover of untrained technicians 
responsible for the specific diagnostic technique as well 
as the visual acuity of the observer, can also impact the 
reading reproducibility of the strip.

The development of mobile applications that employ 
artificial intelligence to interpret point-of-care tests 
(POCTs), such as LFAs for diagnosing cryptococcosis, 
is now feasible due to the adaptability and widespread 
distribution of smartphones (Roda et  al. 2016; Xu et  al. 
2015). This innovative approach not only enhances acces-
sibility but also holds the promise of standardizing and 
objectivizing test result interpretations, reducing the 
impact of human subjectivity and interobserver variabil-
ity, and ultimately improving the reliability and consist-
ency of diagnostic outcomes. A previous proof of concept 
has already demonstrated the feasibility of an interpreta-
tion app for IMMY’s CrAg® LFA qualitative test, suggest-
ing similar success with other LFA tests like the CrAgSQ 
LFA (Bermejo-Peláez et al. 2023).

The primary aim of this study is to introduce a digi-
tal platform based on artificial intelligence for the auto-
mated interpretation of the CrAgSQ LFA. This test is 
used for one-step detection and semi-quantification of 
Cryptococcus antigen, streamlining the diagnosis process 
and enhancing accuracy.

Materials and methods
Study samples and data collection
A total of fifty-three Cryptococcus antigen concentra-
tions, spanning from 0 to 5,000  ng/ml, were prepared 
from a stock solution provided by the manufacturer 
(IMMY) and subjected to analysis using the CrAgSQ 

https://www.immy.com
https://www.immy.com
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LFA (IMMY, OK, USA). These concentrations were 
prepared and evaluated over the course of three sepa-
rate days. The antigen dilutions were carried out in 
standardized human sera sourced from Merck, Sigma-
Aldrich, Madrid, Spain. For each concentration, two 
distinct LFA strips were inoculated on the same day, 
and these were also subjected to duplicate testing over 
the span of three different days. The testing procedures 
were conducted for each of the fifty-three sequential 
concentrations in strict accordance with the manufac-
turer’s recommended protocols.

For the purpose of assessing variability, each LFA strip 
was digitally captured and photographed twice using 
two different smartphone models with varying techni-
cal capabilities. The first smartphone model used was the 
Motorola Moto E6, categorized as low-mid range, while 
the second was the Samsung Galaxy S9, categorized as 
upper-mid range. Both devices featured a camera with 
a resolution of ≥ 12 MPx. All LFAs were photographed 
using the TiraSpot mobile app (Spotlab, Madrid, Spain), 
which features a mask specifically adjusted to the size 
and shape of the CrAgSQ test strip, ensuring precise 
and standardized image capture. All images and relevant 
sample information were uploaded to a cloud-based plat-
form for further analysis.

Additionally, each LFA strip was visually read according 
to the manufacturer’s instructions by two independent 
trained observers who were blinded to the CrAg concen-
tration. Both observers read the strips independently and 
recorded their scored results in a database. The interpre-
tation of the images was conducted at a different facility, 
where the results were subsequently scored. These scores 
were then compared, and any discrepancies were noted.

To ensure an objective comparison between visual 
observations and AI readings, the study design included 
an independent observer responsible for addressing any 
discrepancies between the initial visual readings and 
the AI interpretations. This predefined process aimed 
to maintain objectivity, enhance transparency, minimize 
potential bias, and uphold data integrity during the eval-
uation of AI performance.

Artificial intelligence algorithm for automatic reading 
of CrAgSQ LFA
An AI algorithm for automatic reading of the CrAgSQ 
LFA was developed following a specific processing 
pipeline (Fig.  2). Initially, the image captured by the 
mobile app undergoes preprocessing using a color cor-
rection algorithm. This correction enhances the algo-
rithm’s robustness against variations caused by different 

Fig. 1  Interpretation of Cryptococcal Antigen Semi-Quantitative (CrAgSQ) lateral flow assay (LFA) IMMY test results. The "C" band indicates 
the internal control of the test, which must have visible coloring to validate a result. The absence of the T1 band in the presence of T2 and C 
indicates a negative test result. The test is positive when T2 > T1, T2 = T1 and T2 < T1, with values of 1 +, 2 + and 3 +, respectively. When there 
is presence of T1 in the absence of T2, the value is 4 +, and when there is absence of both T1 and T2, the value is 5 +. Invalid test is considered 
when only a T2 and/or a T1 band appears (without control line)
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illumination scenarios, such as warm or cool lighting, 
which can introduce variations in pixel intensity. The 
color correction algorithm employs a gray world color 
normalization method, which assumes that the aver-
age color in a scene should be neutral gray. This method 
adjusts the colors by scaling the all image channels (red, 
green, and blue) based on the mean values of each chan-
nel, ensuring consistent color representation across dif-
ferent lighting conditions. These enhancements in image 
preprocessing ensure that the subsequent AI interpreta-
tions are reliable and consistent, even under varied envi-
ronmental conditions. Once preprocessed, the image is 
subjected to an automatic method based on computer 
vision that accurately crops the region of interest, focus-
ing only on the area containing the control and test 
bands, while discarding irrelevant portions of the image.

Subsequently, the cropped image is converted into 
grayscale, and a one-dimensional signal profile is gener-
ated by calculating the average intensity along the short 
axis of the resulting image. To account for different ambi-
ent lighting conditions and potential image imperfections 
like uneven illuminations or shadows, the algorithm esti-
mates and corrects the background of the signal profile.

Finally, the intensities of the control and test lines (C, 
T1, and T2) are quantified based on the corrected signal 
profile. An automatic scoring system is implemented, 
able to assign each LFA a score as negative, 1 +, 2 +, 3 +, 
4 +, or 5 +. The scoring calculation is derived from the 
manufacturer’s instructions and follows these rules: if the 
intensity of test band T1 is lower than that of test band 
T2, the score is designated as 1 +. When the intensities 
of T1 and T2 are equal (considered when they are within 
a ± 20% difference), the score is recorded as 2 +. Con-
versely, if the intensity of T1 is higher than that of T2, 

the score is assigned as 3 +. If only the T1 band is pre-
sent without T2, the score is designated as 4 +. In cases 
where only the control band (C) is detected, the score is 
recorded as 5 +. If only the T2 band and the control band 
are visible, the interpretation is considered negative. The 
scoring process is carried out automatically, enabling 
efficient and standardized analysis of LFAs based on the 
quantified intensities of the test bands.

Additionally, to further explore the relationship 
between the quantification of the test lines and the con-
centration the ratio between the intensities of T1 and 
T2 was calculated. This ratio measurement offers the 
potential for a quantitative, rather than semi-quantita-
tive, interpretation of the LFA and explores whether the 
algorithm is capable of calculating the actual value of the 
antigen concentration.

It should be noted that the implemented AI model 
in this study, intentionally designed to be free from the 
need for a training process, ensures a lack of bias, and all 
images collected in the study, as outlined in the preced-
ing section, can be directly utilized to evaluate the mod-
el’s performance.

Statistical analysis
To assess the agreement between visual and AI readings 
of CrAgSQ LFAs, we employed a confusion matrix, pro-
viding a comprehensive view of true positives, true nega-
tives, false positives, and false negatives for each CrAgSQ 
score. Additionally, the interquartile range (IQR) was 
employed as a robust measure to evaluate the variability 
within the concentration range associated with CrAgSQ 
scores. For the purpose of evaluating the regression anal-
ysis that relates signal intensity to CrAg concentration, 
Pearson correlation (r) was calculated. This analysis was 

Fig. 2  Workflow of the proposed system to automatically read the Cryptococcal Antigen Semi-Quantitative (CrAgSQ) lateral flow assay (LFA). First, 
the LFA is digitized through a mobile application. Then, the image is processed by cropping the region of interest, where the line signal intensities 
are quantified to determine the corresponding semi-quantitative score or even estimate the cryptococcal antigen (CrAg) concentration
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carried out utilizing GraphPad Prism 10.0 (GraphPad 
Software, Boston, Massachusetts USA) to construct the 
regression model. To compare the frequency of inconsist-
encies committed by visual and AI readings and assess 
the reliability in result interpretation, we conducted a 
chi-square test and considered a p-value < 0.05 as statisti-
cally significant between both reading methods.

Results
Comparison between automatic and visual interpretation 
of CrAgSQ LFA
Overall, a total of 318 CrAgSQ LFA strips were pho-
tographed and visually interpreted, resulting in 1,272 
photos which were further analyzed by the proposed 
algorithm, assigning a semi-quantitative score to each 
strip image. A comparison was made between the auto-
matic readings from the algorithm and the visual read-
ings performed by the observers. In this comparison, 
386 images (30%) exhibited discrepancies between the 
algorithm and observer readings. The confusion matrix 
between the algorithm’s automatic readings and the 
visual readings by the observers is shown in Fig.  3. The 
confusion matrices that compare visual and AI results for 
each mobile phone model separately, as well as the one 
comparing AI results across the two mobile phone mod-
els, are displayed in supplementary Figure S1.

According to Fig.  3, observers classified 11 CrAgSQ 
LFA strips (CrAg concentrations from 2 to 6  ng/ml) as 
1 + whilst the algorithm interpreted all negative. An inde-
pendent observer classified 8 out of 11 as negative in a 

posterior analysis and finally only 3 were truly discrepant 
corresponding to antigen concentrations of 5–6  ng/ml. 
Additionally, there were 28 discrepancies between the 
algorithm’s 1 + and the observer’s negative scores (CrAg 
concentrations ranging from 0.25 to 10  ng/ml), being 
attributed to the algorithm detecting low T1 band inten-
sities that might go unnoticed by the human eye.

Observers classified 17 cases as 2 + , whereas the algo-
rithm interpreted them as 1 + (CrAg concentration 
ranging from 20 to 30  ng/ml). On the other hand, 31 
images were visually classified as 1 + while the algorithm 
assigned 2 + (CrAg concentrations ranging from 25 to 
50 ng/ml). The algorithm’s quantitative analysis can cap-
ture differences in intensity that might not be evident 
to the naked eye, being capable of discerning when the 
T1 band intensity is actually lower than the T2 band, or 
when the bands indeed have similar intensity (within 
a margin of 20%, as explained in Sect.  "Artificial intelli-
gence algorithm for automatic reading of CrAgSQ LFA").

Similar results can be observed when analyzing dis-
crepancies between 2 + and 3 + scores. Thirty-two images 
were initially categorized as 3 + by observers but inter-
preted as 2 + by the algorithm (CrAg concentrations 
ranging from 30 to 70 ng/ml). One hundred and ninety-
one visual readings were designated as 2 + by observers, 
while the algorithm identified them as 3 + (CrAg concen-
tration ranging from 50 to 145 ng/ml).

There were 27 discrepancies between the algorithm’s 
assigned scores of 3 + and the observers’ scores of 
4 + (CrAg concentrations ranging from 210 to 5000  ng/
ml). The algorithm was capable of detecting very subtle 
T2 lines that escaped the notice of the human observers 
in these instances. Among the 34 cases where the algo-
rithm assigned a 4 + while the observers scored a 3 + , an 
independent visual examination of the images unveiled 
that 12 of them were indeed 4 + (without a T2 band), as 
correctly identified by the algorithm.

Another noteworthy observation was 14 discrepancies 
where the algorithm assigned a 1 + score while observ-
ers interpreted them as 3 + (CrAg concentrations ranging 
from 15 to 30  ng/ml). Subsequent independent analysis 
confirmed the accuracy of the algorithm in identifying 
them as 3 + scores, with the T2 band intensity exceeding 
that of T1.

Reading reliability
All LFA strips inoculated only with human sera to be 
used as controls were identified correctly as negative by 
both observers and AI algorithm.

As derived from Fig. 4, the AI algorithm tends to gen-
erate more positive results in comparison to visual inter-
pretation indicating a slightly higher sensitivity of the test 
when it is read by AI. At lower concentrations, specifically 

Fig. 3  Confusion matrix comparing visual and AI-based readings 
of the Cryptococcal Antigen Semi-Quantitative (CrAgSQ) lateral flow 
assay (LFA)
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within the range of 0.25 to 0.5 ng/ml, all observers con-
sistently interpreted the results as negative. However, the 
AI, on some occasions, identified certain associated pho-
tographs as positive, assigning them a score of 1 +. Con-
versely, when dealing with concentrations ranging from 
2 to 3 ng/ml, the AI uniformly categorized all images as 
negative, while human observers occasionally assigned a 
positive score of 1 +.

To evaluate the consistency and reliability of the read-
ings, we independently calculated the number of LFAs 
that exhibited inconsistent results for both visual obser-
vations and AI readings. As detailed in the methods 
section, each CrAgSQ LFA underwent four separate 
photographic captures, with two of them taken using 
each of the two smartphone models employed. For every 
instance of LFA picture, visual interpretations of the LFA 
results were conducted, resulting in four readings in 
total, with each reading being performed by two differ-
ent observers. In this context, discrepancies were defined 
as situations where, in at least one of the four interpreta-
tions, there was a difference compared to the others.

Out of 318 LFAs, 100 (31.4%) exhibited discrepan-
cies in the visual readings conducted by the observers. 
In contrast, only 35 (11%) LFAs exhibited discrepancies 
in the AI interpretations derived from the four differ-
ent photos. Discrepancies in this context were defined 
as cases where at least one of the four AI interpretations 

differed from the others. These findings indicate that the 
AI-based approach showed higher reading consistency 
(fewer discrepancies) compared to visual assessments 
(p-value < 0.0001).

We conducted an additional assessment to evaluate 
the consistency by categorizing LFA readings according 
to CrAg concentration as shown in Fig.  4. This assess-
ment revealed that visual readings categorized 36 (68%) 
concentrations differently out of the 53 different concen-
trations tested, whereas AI readings displayed inconsist-
encies in 24 (45%) of these concentrations. Furthermore, 
visual readings spanned across three categories (rang-
ing from 1 + to 3 +) for certain concentrations, but this 
phenomenon did not occur in AI scoring as depicted in 
Fig. 4.

Relationship between semi‑quantitative score 
and concentration
Figure 5A shows the concentration range for each of the 
semiquantitative scores, for both visual and AI-based 
readings. Figure  5B presents the interquartile ranges 
(IQR) of concentrations grouped by each CrAgSQ score 
for both visual and AI-based readings independently. The 
results demonstrate that the AI-based readings exhibit 
distinct and well-defined distribution ranges of CrAg 
concentrations for each semi-quantitative score.

Fig. 4  Number of readings (24 for each concentration: 2 replicates × 3 days × 2 observers × 2 photos) for each semi-quantitative score grouped 
by concentration, for both visual (upper rows) and AI-based (lower rows) interpretations. Discrepancies in LFA readings are highlighted in red

Fig. 5  A Box plot comparison between visual and AI-based readings with corresponding cryptococcal antigen (CrAg) concentration ranges. 
B Interquartile ranges (IQR) and concentration ranges by Cryptococcal Antigen Semi-Quantitative (CrAgSQ) score for both visualization and AI 
readings
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Moreover, as derived from Fig. 5, the variability in con-
centration range associated with visual interpretation 
was in general higher than the one obtained by the AI. 
This finding indicates that the AI-based approach offers 
a more consistent correlation between semi-quantitative 
scores and the actual concentration of CrAg. Notably, 
this enhanced consistency holds particular relevance for 
scores 2 + and 3 + in AI assessments, aligning with pre-
vious studies that underscore the critical nature of the 
threshold between 2 + and 3 + in predicting cryptococcal 
meningitis (Blasich et al. 2021; Tadeo et al. 2021).

Relationship between signal intensity and concentration
Signal intensities of both T1 and T2 lines were quan-
tified for each CrAgSQ LFA. Figure  6A illustrates the 
dose–response curve, showcasing the variation of signal 
intensity with changes in CrAg concentration. It should 
be noted that with concentrations greater than 190  ng/
ml, the appearance of the postzone effect (or high-dose 
hook effect) becomes evident. This effect leads to a con-
tradictory decrease in the T1 test line intensity as the 
concentration of the antigen increases. The presence of 
the postzone effect beyond 190  ng/ml introduces limi-
tations to establishing a direct relationship between the 
ratio of T1 to T2. Consequently, the dynamic range for 
which such a relationship can be reliably established lies 
between 0 and 190 ng/ml. In Fig. 6B, the signal band ratio 
(T1/T2) is displayed within the dynamic range, along 
with the fitted curve using the 4PL regression model, 
representing the relationship between the band ratio 
and concentration within this range. A Pearson correla-
tion coefficient of 0.85 was found, demonstrating a strong 
relationship between the band ratio (T1/T2) quantified 
by the AI and the corresponding CrAg concentration.

Discussion and conclusions
Cryptococcosis remains a significant global health con-
cern, particularly for immunocompromised individu-
als. Timely and accurate diagnosis is critical to initiate 
prompt and appropriate treatment, reducing morbidity 
and mortality rates associated with the disease. The use 
of point-of-care devices such as lateral flow assays pro-
vides a rapid and accessible approach for diagnosing 
various diseases, offering timely results, and simplifying 
healthcare delivery, particularly in resource-limited set-
tings. In this study, we have presented an innovative AI 
algorithm designed to automatically interpret CrAgSQ 
LFA in a fully automated and objective manner. Lev-
eraging a mobile application, the algorithm processes 
a single photo, eliminating the need for manual visual 
inspection. The results demonstrate the algorithm’s abil-
ity to accurately quantify the signal intensities of the test 
bands, leading to the assignment of semi-quantitative 
scores. Our findings highlight the algorithm’s proficiency 
in providing reliable and consistent readings, reduc-
ing the impact of human subjectivity and interobserver 
variability.

According to two previous studies, a key threshold for 
the CrAgSQ is 2 + because all patients with a CrAgSQ 
score of 3 + or higher, have cryptococcal meningitis, 
despite some of them being classified as asymptomatic or 
paucisymptomatic (Blasich et al. 2021; Tadeo et al. 2021). 
The results of the study, based on the evaluation of visual 
and AI-based interpretations, underscore the improved 
accuracy and reduced variability exhibited by the algo-
rithm when distinguishing between CrAgSQ scores of 
2 + and 3 +. Notably, visual observers demonstrated dis-
crepancies across a broad concentration range spanning 
from 15 to 145 ng/ml in this critical score distinction. In 

Fig. 6  A Dose–response curve of the Cryptococcal Antigen Semi-Quantitative (CrAgSQ) lateral flow assay (LFA) for both T1 and T2 lines, 
revealing the presence of the hook effect for T1 line after approximately 190 ng/ml. B Quantitative results and regression analysis curve depicting 
the relationship between cryptococcal antigen (CrAg) concentration and band ratio signal intensity (T1/T2)
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contrast, the AI algorithm displayed discrepancies only 
within the narrow concentration range of 60–90  ng/ml, 
thus demonstrating superior capability and consistency 
in the differentiation between CrAgSQ scores of 2 + and 
3 +. Furthermore, the AI algorithm achieved a narrower 
range of CrAg concentrations (25–90 ng/ml) for 2 + read-
ings compared to visual assessments (20–145  ng/ml), 
enhancing the precision of patient risk assessment. This 
wide variability in visual interpretation can be attributed 
to the inherent difficulty in visually comparing signal 
intensities quantitatively.

Furthermore, we have demonstrated the capability of 
predicting CrAg concentrations solely based on a pic-
ture of the LFA, which can serve as a validation for the 
score results obtained through visual or AI interpreta-
tion. Through an analysis of the ratio of test line inten-
sities, a robust correlation with CrAg concentration was 
observed, with a Pearson correlation coefficient of 0.85, 
within the range of 0–190 ng/ml. According to the results 
of the algorithm presented in Fig.  4, a + 3 score reading 
begins at an antigen concentration of 60  ng/ml. In the 
range of 60–85  ng/ml antigen concentrations, the algo-
rithm assigns scores of 2 + and 3 + almost interchange-
ably. However, at concentrations of ≥ 90 ng/ml, nearly all 
results, except one, indicate a score of 3 +. It is important 
to note that beyond 190 ng/ml, the presence of the post-
zone effect complicates the direct quantification of CrAg 
concentration based on signal intensity measurement. 
Immunoassays rely on the formation of antigen–antibody 
complexes to produce a visible or measurable signal. The 
optimal ratio of antigen to antibody is crucial for these 
reactions to occur efficiently. When there is an excessive 
amount of antigen present, it can saturate all available 
binding sites on the antibodies. This prevents the forma-
tion of the large antigen–antibody complexes necessary 
for a visible reaction. As a result, despite a high concen-
tration of antigen, the expected agglutination or precipi-
tation does not occur, leading to a false-negative result. 
In such cases, the appearance of a very faint T2 band or 
its disappearance, indicating a + 4 score, renders signal 
intensity quantification unnecessary. Consequently, strat-
egies such as sample dilution, which have been employed 
with the qualitative CrAg test (Tadeo et  al. 2021), are 
effectively addressed with the CrAgSQ test. Furthermore, 
the score information is reinforced with the caution that 
if the result indicates an antigen concentration of ≥ 60 ng/
ml, an extensive patient evaluation should be conducted.

The study was done in a controlled laboratory envi-
ronment, which may not fully reflect the real-world 
conditions and challenges encountered in various clini-
cal settings. In this context, no 5 + scores were observed 
in our dataset, even when using high CrAg concen-
trations (5000  ng/ml). Notably, similar findings were 

reported in a separate study involving clinical samples 
(Blasich et al. 2021), where they also did not encounter 
any 5 + scores. However, it is worth highlighting that 
in another study conducted on clinical samples, the 
authors did observe a small percentage of cases (2%) 
with 5 + scores (Tadeo et al. 2021).

Future work will involve further assessments of this 
approach by means of a clinical study with patients 
with and without cryptococcal meningitis diagnosed by 
means of gold-standard techniques.

The integration of AI technology in the interpreta-
tion of CrAgSQ LFAs offers distinct advantages, as it 
enables an automatic and objective analysis relying 
solely on a photo taken with a smartphone. The result 
obtained by the AI algorithm can overcome the issue 
of extensive training before its implementation in the 
clinical setting, allowing for easier risk assessment 
of every HIV-positive patient at risk of cryptococco-
sis. Additionally, it can decrease the cost and the risk 
of universal lumbar puncture for every patient with a 
positive CrAg test. It is well-known that many patients 
reject the lumbar puncture procedure, and in many set-
tings, the necessary devices for this invasive procedure 
may not be readily available. Therefore, a more accurate 
risk assessment provided by the AI algorithm would 
be extremely helpful for the patient and the health-
care system. In addition, the results are recorded in the 
cloud which facilitates the estimation of the burden of 
the disease as well as active surveillance and epidemio-
logical studies.

This technology holds the potential for easy adapt-
ability to interpret LFAs for various diseases and can be 
deployable at the edge, enabling real-time and on-site 
interpretation, revolutionizing point-of-care diagnos-
tics and advancing healthcare accessibility worldwide.
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