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ABSTRACT

Primary management for head and neck squamous cell carcinoma (SCC) involves surgical resection with negative
cancer margins. Pathologists guide surgeons during these operations by detecting SCC in histology slides made
from the excised tissue. In this study, 192 digitized histological images from 84 head and neck SCC patients were
used to train, validate, and test an inception-v4 convolutional neural network. The proposed method performs
with an AUC of 0.91 and 0.92 for the validation and testing group. The careful experimental design yields a
robust method with potential to help create a tool to increase efficiency and accuracy of pathologists for detecting
SCC in histological images.

Keywords: Head and neck cancer, squamous cell carcinoma, digitized whole-slide histology, convolutional neural
network, deep learning

1. INTRODUCTION

The most common margin considered safest for surgical resection of oral squamous cell carcinoma (SCC) at sites
including the surfaces of the lips, gums, mouth, plate, and anterior two-thirds of the tongue is about 5 mm
from the cut edge of the cancer to the normal tissue.! Alternative measurements for resection margins have
been proposed, with some suggesting that tumor clearance of around 2 mm determined as a negative margin.?
However, closer margins, for example within 1 mm of the cancer edge, have been associated with significantly
increased cancer recurrence rates.® In the practice of head and neck surgical histology, there are two methods
to determine surgical cancer margin clearance: the en-face technique and perpendicular sectioning (also known
as “bread loafing”). The en-face technique investigates only the tissues surface area in a longitudinal fashion
to determine if there is any cancer on surface of the submitted specimen.! Perpendicular sectioning allows
straightforward quantification of the cancer margin clearance from the edge of the resected tissue, but it is
resource exhaustive and the number of slices create limitations in the certainty of the method, which has the
potential to induce false negatives tissue regions. Both require spending a substantial amount of time examining
a very large number of histological slides from a specimen.

Machine learning methods, especially convolutional neural networks (CNNs), have been previously employed
in the literature for a variety of problems with digitized histological images with considerable success, for example
detecting cancer.*5 CNNs using image patches that slide over the entire slide have been implemented for

Further author information: (Send correspondence to B.F.)
B.F.: e-mail: bfei@utdallas.edu website: fei-lab.org

Medical Imaging 2019: Digital Pathology, edited by John E. Tomaszewski, Aaron D. Ward,
Proc. of SPIE Vol. 10956, 109560K - © 2019 SPIE - CCC code:
1605-7422/19/$18 - doi: 10.1117/12.2512570

Proc. of SPIE Vol. 10956 109560K-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 26 Jun 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 1: Left: Representative histological slide with SCC outlined in green. Right: Corresponding binary
image from the histological slide, which will be used for the validation.

classification of multiple non-small cell lung cancers, including metastatic SCC to the lungs, with an accuracy
of 77%.5 Similarly, lung cancers have been detected in histological images of needle core biopsies using an
ensemble of artificial neural networks with accuracy of 88%.7 Previous work has been done with epithelial tissues,
identifying epithelial and stromal tissues using histology with both support vector machines and CNNs.® 10 A
recent grand challenge was hosted at the IEEE International Symposium for Biomedical Imaging in 2016 and
2017 to detect breast cancer metastasis in sentinel lymph nodes (the CAMELYON challenges), and several state
of the art methods, many employing CNNs, were developed and applied with a range of AUCs from 0.65 to 0.97
for slide-level detection.® 11:12

The purpose of this study is to investigate the ability of SCC detection in digitized whole-slide histological
images using CNNs. Our literature review shows that this is the first work to investigate SCC detection using
CNNs in primary head and neck cancers from surgical pathology. We implement state of the art classification
techniques, and altogether, the methods detailed and proposed yield preliminary results that could help justify
a tool to increase efficiency and accuracy of pathologists performing SCC detection in digitized WSI in surgical
pathology providing intraoperative guidance during SCC resection operations.

2. METHODS

In order to investigate automated detection of SCC in digitized histological images, we first constructed a dataset
of SCC tissues from head and neck patients undergoing surgical resection, performed light processing on the image
data, implemented a CNN trained on a group of patient data, and separately tested on group of held-out patients.

2.1 Head and Neck SCC Patient Tissue Database

After obtaining informed consent from patients prior to surgery, fresh ez-vivo tissue samples, about 1 cm by 1
cm in size, were acquired with the departments of Otolaryngology and Pathology and Laboratory Medicine at
Emory University Hospital Midtown.'? !4 Three tissue samples were collected from each patient: a sample of the
tumor, a normal tissue sample, and a sample at the tumor-normal interface. One hundred and ninety two tissue
specimens from 84 head and neck squamous cell carcinoma patients were included in this study and divided into
separate, exclusive groups for classifier training, validation, and testing. Ninety-one slides from 45 patients were
used for training. The slides included for training only were from the specimens labelled as normal or tumor
only to limit error in the training group. Classifier optimization was performed on 32 slides from a different set
of 13 patients for validation. Finally, 69 slides from 26 held-out testing group patients were held out for testing
and statistical evaluation until after all training and optimization was finalized.
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Figure 2: Representative 101x101 pixel patches showing anatomical diversity. Top: Patches of various normal
structures, including chronic inflammation, stratified squamous epithelium, stroma, skeletal muscle, and salivary
glands (from left to right). Bottom: Patches of SCC with varying histologic features: keratinizing SCC, kera-
tinizing SCC with keratin pearls, basaloid SCC, SCC with chronic inflammation, SCC with hemorrhage (from
left to right).

2.2 Histological Preprocessing and Dataset

Fresh ez-vivo tissues are fixed, paraffin embedded, sectioned, stained with haemotoxylin and eosin (H&E), and
digitized using whole-slide scanning. A board certified pathologist with expertise in H&N pathology (J.V.L)
outlined the cancer margin on the digital slides using Aperio ImageScope (Leica Biosystems Inc, Buffalo Grove,
IL, USA).

The 84 patients included in this study, comprising 192 slide histological slides, were separated by patients into
training (45 patients, 91 slides), validation (13 patients, 32 slides), and testing (26 patients, 69 slides) groups. A
binary mask is produced from each histology slide (Figure 1). The slides were first down-sampled by a factor of
four. Afterwards, a patch-based method is implemented to train the CNN in mini-batches. The image-patches
were produced from each down-sampled, pre-processed, digital H&E WSI a patch-size of 101x101 pixels and
labeled with respect to the the center pixel. Representative image-patches are depicted in Figure 2 showing
the the normal anatomical histological variation of structures and the varied appearance of SCC samples with
different levels of identifiable difficulty. Patches from the tumor and normal tissue samples are used for the
training group, and the validation group is comprised of patches from the tumor-normal margin sample.

2.3 Convolutional Neural Network Implementation

A 2D-CNN classifier, based upon the Inception V4 architecture with some light modifications, was trained,
validated, and tested using the SCC database, described above, in a batch-based fashion. The CNN was im-
plemented in TensorFlow on a Titan-XP NVIDIA GPU using a high performance computer.'>'® From each
pixel of interest, a 101x101 pixel patch was constructed centered on the pixel of interest. The CNN was trained
with a batch size of 16 patches, which were augmented to 128 patches during training by applying rotations and
vertical mirroring to produce 8 times augmentation. In order to create a level of color-feature invariance the
hue, saturation, brightness, and contrast of each patch were perturbed randomly in a defined range to establish
a training paradigm more robust to noise. Lastly, each batch was converted to from RGB to HSV space before
being fed into the CNN. The Inception V4 CNN architecture, detailed in Table 1, had to be modified slightly in
the layers before the inception modules because of the larger image patch-size, which consisted of 3 convolutional
layers and 1 max-pooling layer. Therefore, the modified Inception-V4 CNN architecture employed consisted of
141 convolutional layers and 18 pooling layers.'6'® The Adadelta optimizer was used to apply gradient opti-
mization with an initial learning rate of 1.0, which was exponentially decayed by 0.95 after every 3 epochs of
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Table 1: Schematic of the proposed modified Inception V4 CNN. The input size is given in each row, and the
output size is the input size of the next row. All convolutions were performed with sigmoid activation and batch

normalization.

Layer Kernel size / remarks Input Size

Conv 3x3 / ‘valid’ 101x101x3

Conv 3x3 / ‘valid’ 98x98x 32

Max Pool 2x2 / stride=2, ‘valid’ 96 x 96 x 64

Conv 3x3 / stride=2, ‘valid’ 48 x48x 64

4x Inception A Block 1x1, 3x3 / ‘same’ 23x23x80
1x Reduction A Block 1x1, 3x3 / ‘valid’ 23x23x384
7x Inception B Block | 1x1, 1x7, 7x1, 3x3 / ‘same’ | 11x11x1024
1x Reduction B Block | 1x1, 1x7, 7x1, 3x3 / ‘valid’ | 11x11x1024
3x Inception C Block | 1x1, 1x3, 3x1, 3x3 / ‘same’ | 5x5x1536
Average Pool 5x5 / ‘valid’ 5x5x1536

Linear Logits 1 x 1536

Softmax Classifier 1x2

training data.'® The training was performed for exactly 30 epochs of training data to produce the final model
that was used for all classifications in this work, and the test group classifications were only performed once.

2.4 Validation and Testing

Each validation and testing whole slide image was classified on a patch-based level and reconstructed to obtain
slide-level results. The image patches were 101x101, produced with overlap of 50 pixels. Patches were classified
by producing 8X augmentation, applying HSV and contrast randomization. The result was averaged between
the 8 versions of each patch and the classified area was center region (51x51) in the reconstructed slide. With
the overlap methodology, each 51x51 sub-patch was classified 4 times, using the 151x151 area surrounding it
(4 different 101x101 patches). The resulting area was also averaged. This process of overlapping and averaging
regions of 151x151 pixels was used to produce a smoother cancer probability map and yielded a performance
increase of about 2% in early experiments with the validation group.

The evaluation metrics used in this study were area under the curve (AUC) of the receiver operator character-
istic (ROC), accuracy, sensitivity, and specificity. Determining the accuracy, sensitivity, and specificity involves
deciding an operating point on the ROC. The optimal operating point from the validation group was used to
obtain the quantitative evaluation metrics for both the validation and testing groups in order to produce results
that were generalizable and not specific to any one dataset.

Accuracy = P + TN (1)
Y= TP + TN + FP + FN

TP
s 9
Sensitivity TP + FN (2)

TN

ity —

Specificity TN + FP (3)

Where TP, TN, FP, and FN represent the number of true positives, true negatives, false positives, and false
negatives, respectively.
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Table 2: SCC detection results, obtained from ROC curves using all histological images’ patch-level statistics

No. Patients (No. Slides) No. Patches AUC Accuracy Sensitivity Specificity

Training N =45 (91) 265,978 0.992 95.8% - -
Validation N =13 (35) 374,700 0.913 83.7% 84.0% 83.3%
Testing N = 26 (69) 1,061,757 0.920 85.8% 86.8% 84.8%

Validation Testing

Figure 3: Representative whole-slide classification results. The SCC area is outlined in green on the H&E
images, and heat maps are shown of the cancer probability. Left: results from the validation group. Right:
results from the testing group.

3. RESULTS

Our results show that head and neck primary SCC is detected on whole-slide, digitized histological images with
an AUC of 0.913 for patients in the validation group, and an AUC of 0.920 for patients in the testing group
(Table 2). The receiver operator characteristic (ROC) curves using all histological images’ patch-level statistics
are shown in Figure 4 for the validation group and testing group. The ideal threshold for distinguishing SCC
from normal tissue was SCC probability of greater than 0.624, which was obtained from the validation group
and applied to both the validation and testing group to obtain accuracy, sensitivity, and specificity (Table 2).
Six representative slide-level reconstructions are shown as heat maps representing the probability of SCC from
both the validation group and testing group slides in Figure 3. Additionally, regions of interest from 1 to 3
mm in size that were correctly and incorrectly diagnosed by the algorithm proposed are highlighted in Figure 5.
As demonstrated, the method is correctly able to distinguish normal anatomical structures like epithelium and
salivary gland from SCC. However, dense inflammatory degeneration is the most likely false positive observed.
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Figure 4: The Receiver Operator Characteristic (ROC) curve. The dotted red line corresponds to random guess.

4. DISCUSSION AND CONCLUSION

In this work, a novel and extensive histological SCC dataset of primary head and neck SCC is detailed, and a
state of the art Inception-V4-based CNN architecture is employed for automated SCC detection. The preliminary
results detailed in this paper are generalizable because of the division of unique patient data across training,
validation, and testing groups. To the best of our knowledge, this is the first work to investigate SCC detection
in digitized whole-slide histological images from primary head and neck cancers.

The digitized, whole-slide histological images are saved as TIF files, and the image resolution corresponds to
40X microscopic objective. Therefore, the process of 4X down-sampling before making patches corresponds to
classification under a 10X microscopic objective. This method was chosen because it yielded the best validation
results and was subsequently used for classification of the test dataset. The method implemented was not
unlike how a pathologist reads histological images in standard microscopy; for example, using a 40X microscope
objective may be too zoomed-in to allow for contextual information of the surrounding regions to determine if a
region of tissue is malignant or not. This was seen in our dataset also. Therefore, it may be likely that some slides
labelled purely malignant may contain areas, albeit small, inside the tissue or in between tumor nests that can be
entirely normal or benign. This may be the explanation for why we observed that classification using 4X down-
sampled images (equivalent to 10X microscope objective) obtains the better classification accuracy compared
to 40X resolution. Additionally, other CNN architectures were investigated in preliminary experiments in this
study, as were multiple image patch-sizes, but ultimately the Inception V4 CNN architecture with a patch-size
of 101x101x3 in HSV color space yielded the best and most consistent validation dataset performance.

Moreover, the regions of interest that are presented in detail demonstrate some of the appearances of true
negative, false positive, and true positive regions that vary from 1 to 3 mm in size. These correctly classified
areas demonstrate the proposed method can identify normal anatomical histological structures, such as squamous
epithelium and salivary gland with high probability of being non-malignant. Additionally, we observed that most
commonly, dense inflammation of tissue was characterized as a false positive, being that these areas had higher
cancer probability. This result is not too surprising, and we believe is most likely a by-product of the training
paradigm. It is well studied that as SCC develops, there is an accompanying inflammatory response in the
surrounding tissue.?0 Therefore, it is hypothesized that the proposed algorithm learned the relationship between
SCC and inflammation.

A limitation of the proposed method arises from the application of the down-sampled resolution and the
patch-based implementation of the Inception V4 CNN architecture. With down-sampling, each pixel represents
0.91 microns, and produces a patch size that spans about 92 microns in each x-y dimension for the patch size
of 101x101 that was employed. The typical nuclear diameter of a single SCC cell was about 12 microns, in
agreement with values reported in the literature of approximately 13 + 2 microns.?! Therefore, in our approach,
the theoretical limit of the smallest carcinoma that could be detected would be a nest of SCC about 92 microns
across, which would correspond to about a few tens of cells of SCC, depending on the amount of cytoplasmic
overlap.
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Figure 5: Representative heat maps representing cancer probability of several regions of interest. From left
to right, the CNN correctly identifies salivary gland and muscular components as having a low probability
of SCC; stratified squamous epithelium correctly shown as a true negative; a false positive area representing
inflammatory infiltration near the SCC border (not shown); correctly classified true positive SCC classified with
high probability of SCC.

In conclusion, the proposed method performed detection of primary head and neck SCC on digitized, whole-
slide histological images with an AUC of 0.913 for patients’ slides in the validation group, and an AUC of
0.920 for patients’ slides in the testing group. Altogether, the large sample size of the datasets, the careful
experimental design to reduce bias, and the agreement between validation and testing demonstrate that the
proposed method is generalizable due to the robustness of the classifier training paradigm implemented. In
summary, the preliminary results of this work demonstrate potential that such techniques proposed could justify
a tool to increase efficiency and accuracy of pathologists performing SCC detection in digitized WSI in surgical
pathology providing intraoperative guidance during SCC resection operations.
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