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SUPPLEMENTARY INFORMATION

Train Set Tune Set Full Test Set Non priors reader study Priors reader study

Age Bucket: # Patients With Available Data 10306 2198 2347 507 308
Age Bucket: 55-60 4217 876 994 208 133

Age Bucket: 60-65 3201 691 678 143 88

Age Bucket: 65-70 1964 406 446 104 64

Age Bucket: 70-75 924 225 229 52 23

Cancer Stage *: # Patients With Available Data 398 94 86 83 40
Cancer Stage *: Cannot be assessed 50 8 10 10 3
Cancer Stage *: Carcinoid, cannot be assessed 3 0 0 0 0
Cancer Stage *: Missing TNM 7 8 3 3 1
Cancer Stage *: Occult Carcinoma 5 1 0 0 0
Cancer Stage *: Stage IA 189 50 43 41 19

Cancer Stage *: Stage IB 29 5 4 4 1

Cancer Stage *: Stage IIA 4 3 3 3 2

Cancer Stage *: Stage IIB 2 1 0 0 0

Cancer Stage *: Stage IlIA 34 5 6 6 3

Cancer Stage *: Stage IIIB 24 6 6 6 4

Cancer Stage *: Stage IV 50 10 14 10 7

Cancer Stage *: TNM Not available 1 0 0 0 0
Gender: # Patients With Available Data 10306 2198 2347 507 308
Gender: Female 4242 876 926 205 119

Gender: Male 6064 1322 1421 302 189

Has nodule: # Patients With Available Data 10306 2198 2347 507 308
Has nodule: False 4301 874 943 165 109

Has nodule: True 6005 1324 1404 342 199

Supplementary Table [1]: Demographics and cancer staging breakdown of patients in
NLST subsets used. The total number of patients with cancer staging information (affected rows
indicated by an asterisk *) is greater than the number of cancer patients reported in this table
because some patients received a cancer diagnosis after the initial 3 years of screening, and were
therefore considered cancer negative patients in our main analysis. In this table we only show
patients that were considered cancer positive in our main analysis.



Train Set Tune Set Full Test Set Non priors reader study Priors reader study

# Volumes with Manufacturer/Model Name Data 47974 6034 6716 507 308
GE MEDICAL SYSTEMS: CT scan 34 5 2 0 0

GE MEDICAL SYSTEMS: Discovery LS 136 38 34 3 2
GE MEDICAL SYSTEMS: Discovery QX/i 76 17 17 0 0
GE MEDICAL SYSTEMS: HiSpeed QX/i 2476 340 380 28 15
GE MEDICAL SYSTEMS: LightSpeed Plus 3541 557 451 42 25
GE MEDICAL SYSTEMS: LightSpeed Power 17 5 3 0 0
GE MEDICAL SYSTEMS: LightSpeed Pro 16 2562 236 263 16 14
GE MEDICAL SYSTEMS: LightSpeed QX/i 7180 983 1107 92 50
GE MEDICAL SYSTEMS: LightSpeed Ultra 2724 314 399 22 10
GE MEDICAL SYSTEMS: LightSpeed VCT 10 3 5 0 0
GE MEDICAL SYSTEMS: LightSpeed16 5391 644 771 57 43
GE MEDICAL SYSTEMS: QX/i 1 0 4 2 2
Philips: Mx8000 3198 407 433 36 20

Philips: Mx8000 IDT 97 24 38 3 0

Philips: Mx8000 IDT 16 107 20 37 6 6
SIEMENS: Emotion 16 16 1 1 0 0
SIEMENS: Emotion 6 8 1 0 0 0

SIEMENS: Sensation 10 2 0 0 0 0
SIEMENS: Sensation 16 5811 691 765 51 35
SIEMENS: Sensation 4 1026 107 103 9 4
SIEMENS: Sensation 64 516 107 129 9 9
SIEMENS: Volume Zoom 10241 1146 1256 89 50
TOSHIBA: Aquilion 2793 388 518 42 23

TOSHIBA: Mx8000 1 0 0 0 0

Supplementary Table [2]: Manufacturer and model distributions for cases in the NLST
subsets used. The number of volumes per manufacturer CT scanner model is shown for each
column.



Train Set Tune Set Full Test Set Non priors reader study Priors reader study

Attenuation: Has a non solid nodule?: False 27271 5569 6219 453 280
Attenuation: Has a non solid nodule?: True 2270 465 497 54 28
Attenuation: Has a part solid nodule?: False 28814 5860 6567 485 297
Attenuation: Has a part solid nodule?: True 727 174 149 22 11
Attenuation: Has a solid nodule?: False 19301 3900 4278 262 159
Attenuation: Has a solid nodule?: True 10240 2134 2438 245 149

Margins: Has a nodule with poorly defined margins?: False 26437 5356 6035 432 270
Margins: Has a nodule with poorly defined margins?: True 3104 678 681 75 38
Margins: Has a nodule with smooth margins?: False 20163 4130 4494 il 180
Margins: Has a nodule with smooth margins?: True 9378 1904 2222 195 128
Margins: Has a nodule with spiculated margins?: False 28211 5724 6387 435 275
Margins: Has a nodule with spiculated margins?: True 1330 310 329 72 33
Max Nodule Diameter Bucket: 0 mm < diameter <= 6 mm 8104 1643 1923 136 90
Max Nodule Diameter Bucket: 15 mm < diameter <= 25 mm 426 89 99 30 17
Max Nodule Diameter Bucket: 25 mm < diameter <= 250 mm 157 31 31 15 5
Max Nodule Diameter Bucket: 6 mm < diameter <= 8 mm 2112 434 479 49 28
Max Nodule Diameter Bucket: 8 mm < diameter <= 15 mm 1834 421 431 69 32
Max Nodule Diameter Bucket: No nodule 16908 3416 3753 208 136

Supplementary Table [3]: Attenuation, margin, and diameter volume counts of relevant
subsets of data. These were generated using the nodule annotations in NLST, which happen
once per patient year. The NLST data did not provide a reliable way of linking these back to a
specific volume, but for all sets besides the training sets we used heuristics to select a single
stack per screening year which was most likely to have been the stack that was used to generate
the nodule annotations. However, this means that the volume counts are likely to be less accurate
for the training set, where we did not apply heuristics to select a single stack per screening year.
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Supplementary Table [4]: Results with matched specificity and sensitivity. For the reader
study without priors as an alternative to LUMAS, we (a) set the model’s specificity to match the
average reader specificity and then compared sensitivity and matched sensitivity and then (b)
matched the average reader sensitivity and compared specificity. In both cases analysis was
conducted with n=507 volumes from 507 patients. The same was done for the prior reader study
in (c) and (d) with n=308 volumes from 308 patients. In the entire NLST test set, the matched
specificity and sensitivity to NLST readers are shown for matched specificity (e) and matched
sensitivity (f), comparing on n=6,716 cases. Note that these comparisons are more favorable to
the model because they are based on operating points that maximize the delta. All comparisons
in this table were made using a two-sided permutation test using 10,000 random resamplings of

the data.
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Supplementary Table [6]: Subset analysis on reader study using prior CT volume




Non-priors Priors

LungRADS 1 vs. 2 vs. 3 vs. 4A vs. 4B bs. 4X raw score disagreement 0.49 0.44
LungRADS 1/2 vs. 3 vs. 4A vs. 4B/X management disagreement 0.30 0.21
Severe management disagreement (1/2 vs 4a/b/x or 3 vs. 4b/x) 0.05 0.06

Supplementary Table [7]: Reader disagreements. Numbers shown are fraction of cases with
disagreements. We analyzed three different disagreement types: raw Lung-RADS score
disagreement, management level disagreement (which groups Lung-RADS 1 and 2 as done for
all other analyses presented) and large management disagreements where the disagreements were
not in adjacent risk buckets (i.e. one reader reports Lung-RADS 2 and the other reports
Lung-RADS 4A). This includes data from both reader studies (with priors and without priors).

Percentage
. Recall@1 76/79 95.00%
Single Volume
Recall@2 78/79 97.50%
: Recall@1 34/37 91.90%
Priors
Recall@2 35/37 94.60%

Supplementary Table [8]: Recall values on all cancer cases labeled with bounding boxes
within the test dataset. The numerator and denominator refer to the number of found vs total
malignant nodules in both single volume cases and those with priors. The @1 and @2 suffixes
refer to the top single detection and top two detections surfaced by the detection model,
respectively. The corresponding HIT values shown in Figures 2 and 3 focus on the subset of
correctly classified cancer cases. Since the HIT@2 metric achieved a 100% hit rate in both

baseline and with priors cases, the missed detections may have impacted the classification for
these two cancer cases.



LUMAS downgrades LUMAS upgrades
relative to reader relative to reader

No Cancer Cancer No Cancer Cancer

C_Iuster.of vessels 16 0 8 0
simulating nodule?

Endobronchial nodule? 4 0 0 0

Lesion could be
categorized as 126 4 94 0
scarring?

Lesion crosses normal 0 5 0 1
anatomic boundaries?

Motion artifact in the 0 2 10 16
lungs?

Possible cystic 4 0 0 0
neoplasm?

Scarring appears
nodular in axial, more 106 4 50 0
obviously scarring in
planes?

Stable compared to
prior?

142 0 96 0

Supplementary Table [9]: Summary of the differences between the model and the
consensus of the readers. Each disagreement with a reader in cases where the model disagreed
with the consensus of the readers appears once for every time one of the questions in the leftmost
column is true.

Kernel Selection

Each case often had multiple reconstruction kernels available. When running the model on a case
we selected harder kernels commonly used in lung imaging (see list below). In the reader study,
we used the same volumes that were chosen for the model. Within each case we chose the
highest ranked kernel according to the following lists. There were no cases with more than one

manufacturer.

e Siemens
o 1.B50f,2. B45f, 3. B50s, 4. B40f, 5. B41s, 6. B60f, 7. B60s, 8. B70f, 9. B36f, 10.
B35f,11. B30f12. B31s
o GE
o 1.LUNG, 2. BONE, 3. BODY FILTER/BONE, 4. STANDARD, 5. BODY
FILTER/STANDARD, 6. SOFT, 7. EXPERIMENTAL7, 8. BODY
FILTER/EXPERIMENTAL?7



e Philips
o 1.D,2.C,3.B,4. 4
e Toshiba

o 1.FC51,2. FC50,3. FC52,4. FC53,5. FC30,6. FC11,7. FC10, 8. FCS2, 9.
FL04,10. FC02,11. FCO01,12. FLO!

Additional Modeling Details

At a high level, our model begins with lung segmentation, followed by detection, and ending
with classification, an approach that has been described in past research. However, for each of
these components, we upgraded the specific techniques to state of art approaches (at the time of
publication) for the general computer vision tasks: MaskRCNN* for instance segmentation,

t47

Retinanet?” for object detection, and I3D*# for action recognition from video (also a volume

classification task).

Different lung segmentation approaches vary in terms of quality and computational cost. In our
case, the approach used was solely to determine a center point of the lung segmentation
bounding box and therefore precise lung boundaries were not a critical factor in the final results.
One advantage of the MaskRCNN approach is that the segmentation is performed on

two-dimensional (2D) slices and is independent of slice spacing.

The cancer ROI detection model was trained on LIDC first, and then we collected additional

labels on NLST to fine tune the model to only detect malignant nodules instead of all nodules.

For classification, we found on our tune set that I3D alone performed well when predicting
cancer directly. We then sought to combine this full volume approach with our two-stage
approach (see Methods - Model Development and Training). We used 13D as the base feature
extractor for classification tasks after determining it outperformed several other feature
extractors on our tune set. We used the spatial resolutions shown in Extended Data Figure 10,
which were the highest resolutions allowed by commercial hardware. For the cancer ROI

detection and cancer risk prediction model, we were able to train on subvolumes smaller than the


https://paperpile.com/c/itSqlD/1wZmM
https://paperpile.com/c/itSqlD/vHRir
https://paperpile.com/c/itSqlD/vHRir+a4muq

whole volume, which allowed us to use 1.4 mm x 0.7 mm? resolution images. While this may
introduce additional “partial voluming” effects seen in clinical radiology, what the algorithm
“sees” is generally quite different compared to human perception, and the training and evaluation
was performed solely on these resampled volumes. For the full volume model we used a
resampled 1.5 mm® resolution. Detecting cancer alone for the full volume model is difficult due
to the wide range of appearance and locations of nodules; therefore, the model was also trained
to detect the presence of nodules. In order to assess the contribution of the full volume model, we
retrospectively computed an AUC of 89.0% on the test set. Additionally, the subjective analysis
showed evidence that the model focused on nodules (see Supplementary - “Subjective Analysis
and Review of Results ). These results demonstrate that the full volume model effectively

collected features relevant for cancer detection.

Subjective Analysis

We analyzed subsets in which LUMAS differed from the majority vote of our six readers. We
first examined disagreements between our model and Retrospective-Lung-RADS on the tune set
with three radiologists to generate hypotheses to pursue on the test cases. They generated nine
hypotheses framed as questions with categorical answers. We then labeled all cases in the
without prior reader study where the LUMAS bucket disagreed with the consensus reader
bucket. Upon labeling disagreements, the most commonly present hypotheses were “Lesion
could be categorized as scarring?,” “Stable compared to prior?” (only for cases with priors),
“Scarring appears nodular in axial, more obviously scarring in orthogonal planes?” The full
results of this analysis are shown in Supplementary Table 9, where each disagreement with a

reader shows up once in the table for every time one of the hypotheses was labeled as true.

Additionally, to better characterize and analyze model behavior, attribution regions for 12 cases
in the tune set were examined through focused questions. These regions were computed using
integrated gradients to show positive and negative classification influences®. A series of
questions concerning the model’s region of focus for the global and local views were given. All

readers unanimously agreed that both positive and negative attributions focused on the nodules


https://paperpile.com/c/itSqlD/eqHiL

in all cancer positive cases. In 40% of the negative cases, the readers noted that parenchymal
vasculature was highlighted. In 86% of the cancer positive cases, the readers noted that the full
volume model focused on the same nodule as the two-stage model. Finally, in characterizing the
region on the nodule examined, the strongest agreement was that for 4 of 7 of the cancer positive
cases the readers agreed that the negative attributions were examining the edges of the nodule.

Extended Data Figures 6a and 6b give examples of these cases.

Review of Results

The final manuscript draft was evaluated using the Radiomics Quality Score system (Radiomics,

Maastricht, Netherlands) prior to submission receiving a score of 92%.

Subset Analysis

We computed the sensitivity and specificity of the model’s risk buckets and the average readers
risk buckets on subsets based on nodule properties, lung cancer staging, and nodule size. This
information was collected in the NLST trial. For some subsets, such as cancer staging, there were
only cancer positive examples in the subset and therefore we only computed sensitivity. Full

results are shown in Supplementary Tables 5 and 6.





