
Background and Introduction Results
Both AI (Fig. 2) and HAI (Fig. 3) classified ~500 cells/second unsupervised on a GPU and the
programs do not require user input after initiation. The HAI was ~1% more accurate overall.

Deep Learning Enables High-Precision Classification of Morphology of 
Stored Red Blood Cells
Natalia Villarreal, Madeleine Lu, Sergey S. Shevkoplyas
Department of Biomedical Engineering, University of Houston, Houston TX

Figure 3 HAI
(a) Classifying random
RBC images. (b)
Confusion matrix. The
overall low-resolution
accuracy of the algorithm
is 97.9% and the overall
high-resolution
classification accuracy of
the algorithm is 95.3%.

Figure 2 AI
(a) Classifying random
RBC images (b)
Confusion Matrix. The
overall low-resolution
accuracy of the algorithm
is 96.3% and the overall
high-resolution
classification accuracy of
the algorithm is 94.7%.

Figure 1 (a) Microscopy
image of normal fresh RBCs.
(b) Microscopy image of
RBCs after 6 weeks of
storage (c) Gradual transition
of RBCs from discocytes (D)
through echinocytic (E) or
stomatocytic (ST) pathways
to spherocytes (S) then lastly
ghosts (G). In our previous
work, a binary decision tree
classification approach had
low-resolution (4 classes: D,
E [E1, E2, E3, SE], ST, S)
classification accuracy of
90%, and high-resolution (7
classes: D, E1, E2, E3, SE,
ST, S) classification accuracy
of 74% (3).

About 15 million units of stored red blood cells
are transfused to nearly 5 million patients each
year in the United States alone (1). However, the
key properties of red blood cells (RBCs)
progressively deteriorate during hypothermic
storage, and this reduction in quality contributes to
adverse outcomes associated with blood
transfusions, including serious infections and
multiple organ failures (2).
The storage induced-degradation of individual
RBCs – a unit of blood contains ~2�1012

individual cells – appears to proceed at different
rates, producing a highly heterogeneous
population by the end of the allowable storage (2).
Importantly, RBC shape (morphology) has
recently emerged as a novel quantitative marker of
the functional quality of stored RBC units (3).
RBC morphology is currently measured via
manual observation and classification of only
~100-200 individual RBCs by a technician, which
is a notoriously tedious and highly subjective

process. To address this limitation, the
Shevkoplyas Laboratory recently developed a
novel microfluidic platform to simplify rapid
acquisition of high-resolution images of individual
RBCs, and have used this technology in
combination with a binary decision-tree
classifying algorithm to analyze morphology of
>1.3 million individual RBCs (3) (Fig. 1).
However, the decision-tree-based classification
accuracy for high-resolution classification of RBC
morphology was not high enough for many
potential applications.
The objective of this project therefore was to
developed a more accurate, robust and rapid
classifier based on the deep learning approach.
We implemented our new classifier by retraining
AlexNet, a standard convolutional neural network
(CNN) available in MATLAB (The MathWorks,
Inc., Natick, MA), using RBC images previously
collected in the Shevkoplyas Laboratory.

Confusion Matrixes for classification of N=1000 random, new, and unclassified RBC images. Rows correspond to the
true RBC classes (classified manually by observer) and columns correspond to algorithm predicted RBC classes.
Cells along the diagonal contain correct high-resolution morphology classifications, and all shaded cells contain
correct low-resolution morphology classifications.
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Figure is reproduced from reference #3 (Piety et al., 2015)
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AlexNet was trained to recognize RBC images
based on their morphology by learning the visual
characteristics of 18,002 unique RBCs that were
presorted into 7 different classes: D (discocyte),
E1 (echinocyte 1), E2 (echinocyte 2), E3
(echinocyte 3), SE (sphero-echinocyte), ST
(stomatocyte), and S (spherocyte). AlexNet
transfer learning was optimized with 45 epochs
using a parallelized computation on a GPU
(NVIDIA GeForce GTX 1060).

Additionally, we trained three separate instances
of AlexNet CNN to implement a Hierarchical
Artificial Intelligence (HAI) – first AlexNet-1
decided whether the overall shape of RBCs was
‘smooth’ or ‘rough’, and then AlexNet-2S and
AlexNet-2R decided specific classification of the
cells’ morphology in each of the groups (Fig. 3a).
The resulting Deep Learning AI (Fig. 2a) and
Deep Learning HAI (Fig. 3a) were then tested on
N=1000 random new RBC images (Fig. 3b, 3c).
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Using HAI with specialized Deep Learning CNNs
produced the highest accuracy and may be worth
the extra training, if a single CNN has difficulties
distinguishing between similar morphological
classes, or in case of a large number of anomalies.
Our previously developed approach based on
binary decision tree had the high-resolution

classification accuracy of 74% (1). The deep
learning approach we developed in this project
yielded much more accurate high-resolution
classification of 95% (Fig. 2, 3).
We hope to use this system for many more RBC
applications, once an anomaly detection system is
developed.
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