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QUANTITATIVE MEDICAL IMAGING REPORTING

BACKGROUND

Cardiovascular diseases (CVD) encompasses stroke, peripheral artery disease, and
coronary heart disease. It is the most common cause of death in the developed world, with
someone dying from it every 34 seconds in the U.S. Nearly half (47%) of all deaths are from
CVD. Although the death rate from cardiovascular disease continues to fall in the developed
world, the number of hospitalizations and long-term disabilities is increasing. However, in
developing nations such as China and India, there is an increasing incidence of CVD due in
part to the Westernization of their diet and epigenetic effects on their gene expression
patterns. Early assessment of atherosclerotic plaques prior to thromboembolic events, such as
myocardial infarction or ischemic stroke, is an important diagnostic priority for at-risk
patients. Computed tomography angiography (CTA) is a useful diagnostic test in the
emergency room and is associated with shorter stays and time to diagnosis.

Completed clinical trials have shown significant benefits of carotid surgeries for
symptomatic patients with severe carotid artery stenosis (CAS). However, evidence
increasingly suggests that significant arterial stenosis alone is a sub-optimal marker for
identifying patients at risk. In the European Carotid Surgery Trial (ECST), 30% of the 440
symptomatic patients who did not undergo surgery with a stenosis of <50% reported stroke or
death on follow-up. Ultrasound is an accessible modality that provides a useful first
examination, with its limitations to quantitatively measure tissue composition being
augmented with CTA and magnetic resonance (MR). If bilateral carotid artery disease is
detected, patients may be referred for coronary artery imaging since this occurrence has been
linked to coronary events to determine if they are candidates for intensive medical therapy or,
for those with carotid stenosis >70%, carotid endarterectomy or stenting. If less severe
disease is detected, the patient will be treated with tailored medical therapy and could be
reevaluated periodically by imaging, and in a few centers by PET imaging to assess the
inflammatory status.

Solutions are critical to preempt events or at least improve diagnostic accuracy on
presentation. Accurate elucidation of phenotype enables prompt intervention. There is

growing evidence that non-invasive CTA and MR have the potential to examine components
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that have been demonstrated to contribute to atherosclerosis. For example, expansive arterial
remodeling was strongly associated with symptomatic plaques in initial studies performed on
post-mortem coronary arteries and later confirmed in the carotid arteries. Similarly, lipid-rich
necrotic core is shown to be a predictor of incident stroke when detected non-invasively.
Calcification, which manifests in current clinical assessment of coronary arteries, is an
established marker of atherosclerosis and predictor of coronary events, myocardial infarction,
and death. However, simplistic measures such as the calcium score fail to provide a granular
assessment that accounts for the more nuanced role that calcium plays depending on its
presentation.

In addition to the large number of patients with acute atherosclerosis, up to 30 million
U.S. patients are currently on statin therapy in an attempt to avoid CVD. Yet efforts to
develop new therapeutic options to slow or stop the disease are limited to using serum
cholesterol, a non-specific biomarker, or to wait for events. It is difficult for new therapies
like CETP and PCSK-9 inhibitors to demonstrate efficacy in a commercially reasonable
timeframe. A sample size of 27,000 patients in the FOURIER study of Repatha (evolocumab)
failed to show survival benefits despite significantly reducing adverse events. This could be
overcome with measurement of the patients’ extent of plaque and plaque phenotyping as a
cost-effective companion diagnostic for more expensive, newer drugs. Moreover, drug
candidates in other therapeutic areas, such as immuno-modulators in cancer, can have side
effects where atherosclerosis is aggravated, but accurate methods are needed to assay these
effects. Whether for clinical care of individual patients, or clinical research on cohorts, these
studies emphasize the desire for biomarkers beyond population-based clinical variables with
an interest in personalizing the patient condition. Consequently, the complexity of
interpreting these biomarkers in potentially multi-dimensional datasets may create
inefficiencies in the clinical workflow. The data must be presented in a standardized manner
to offer both clarity and completeness of the analysis and present new actionable medical
information to improve clinical management decision-making.

Medical imaging, such as computed tomography (CT) and MR, has been ranked by
physicians as the single most important medical innovation. The rich information in imaging
extends far beyond the numerical values of the pixels - it involves describing imaging

biomarkers that are indicators of the underlying biology of interest. From its inception,
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imaging has allowed visualization of the in vivo characteristics of disease. Structural
measurements of anatomic structure have long been and remain the single most used
measurements in patient care. Quantitative assessment of constituent tissue components or
characteristics, molecular mechanisms, and hemodynamic parameters may provide additional
information about the pathogenesis and natural history of disease.

Increasingly, incisive clinical insights are possible and image analysis methods are
continuously developed to implement them, yet the increasing capability requires ever more
sophisticated computational techniques to exploit. Quantitative imaging techniques are
developed for use in the clinical care of patients and in the conduct of clinical trials. The
biological significance of these imaging studies often involves identifying imaging
biomarkers that are indicators of the underlying biology. Quantitative imaging biomarkers
provide a numerical characterization of the underlying biology or pathology as opposed to
using textual or categorical descriptions of an observer’s subjective visual interpretation. In
clinical practice, quantitative imaging may be used to detect and characterize disease before,
during, and after a course of therapy, and used to predict the course of disease. In clinical
research, quantitative imaging biomarkers are used to define endpoints of clinical trials.
Tools have become available for handling the complexity of genotype, and similar
advancements are needed to handle the complexity of phenotype, especially as derived from
imaging. However, information resources for in vivo biomarkers, specifically quantitative
imaging biomarkers, are notably lacking. Quantitative imaging suffers from the lack of a
standardized representation of quantitative image features and content, and manually
interpreting multi-dimensional datasets may create inefficiencies in the clinical work flow.

Most current radiology reports are unstructured subjective clinical narratives that are
qualitative in nature. This is largely driven by tradition and the ease of dictating notes with a
sophisticated speech recognition system. As a result, it is unclear to radiologists how to best
integrate information that is inherently quantitative and objective into these reports. There
have been many attempts in structuring radiology reports for consistency, accuracy, and
minable data, such as eDictation, StructuRad, and PointDx, but none have quite reached
widespread adoption. In fact, one study comparing a form of structured reporting against
dictation reporting resulted in higher accuracy, completeness, and satisfaction in the latter

among radiology residents, even though the users were optimistic to the appeal of structured
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reporting. However, radiologists are generally adverse to adopting systems that may
introduce inefficiencies in their workflows. Despite significant support for standardization of
radiology reports, the transition is decidedly slow and there is an inherent “chicken and egg”
problem: radiologists cannot implement innovative reporting methods because the technology
does not exist, and the technology does not exist because it is not sought by radiologists.
Nevertheless, there is a consensus among radiology leadership that structured reporting is
desired and that a hybrid approach of speech recognition and structured data elements has
merit.

The introduction of new quantitative biomarkers faces similar issues as structured
reporting systems. The data should be presented in a way that does not impede on efficiency
of the clinical workflow and must provide new interpretable information to help clinicians
make better patient management decisions, otherwise what is supposed to be an advantage
instead becomes a burden. As a counter-example, presenting lengthy tables of intricate
quantitative data for every measurement at every anatomical location is not digestible by a
human and fails to bring a desired focus to the most significant measurements or insights
drawn from them. A summary statement based in quantitative data but expressed in natural
language to represent the data may be needed to ease the communication of new relevant
medical knowledge to clinical management decision makers, with capability to drill down or
refer to more detailed measurement data to whatever level the clinician desires, rather than
assuming that they want the whole.

To meet the first need, a form of natural language processing (NLP) is needed to
generate a clinically actionable statement in a report. Before 2010, the development of
biomedical text mining with natural language processing (NLP) was driven by the increase of
publication rate indicated by the growth of content in PubMed/MEDLINE. The increase in
use of high-throughput assays, for example, to produce lists of genes increased the rate of
discovery of new biological entities but consequently was overwhelming without the means to
make the information digestible. The NLP applications in biomedical research made a
corresponding case for using NLP in proactive clinical decision support (CDS) systems. In
the context of radiology reports, several systems, such as the Special Purpose Radiology

Understanding System (SPRUS), the Natural Language Understanding Systems (NLUS),
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Symbolic Text Processor (SymText), and MPLUS (M+), extract radiologist interpretations
and code findings in hopes of providing relevant clinical data to an expert CDS system.

While these NLP applications are primarily used to convert clinical narrative text to
concise computer-interpretable data elements, no application has been used to generate
medical narrative text from quantitative imaging data. Natural language generation (NLG) is
the natural language processing task of generating natural language from a machine
representation system such as a knowledge base or a logical form. In other fields, NLG
systems have been used to convert or translate structured data into a natural language
representation. The used methods to produce the final language are different from those of a
compiler due to the inherent expressivity of natural languages. NLG may be viewed as the
opposite of NLP: whereas in NLP the system needs to disambiguate input texts to produce
machine representations, in NLG the system needs to make decisions about how to put
machine representations into output text.

Interpretation of data used in the development, validation, and use of quantitative
imaging biomarkers requires many disparate concepts to be related together with scientifically
rigorous epistemology. Ontologies form an ideal framework for the integration of
heterogeneous and complex knowledge about imaging. Ontology-based annotation of
datasets coupled with image archives capable of batch selection and processing, quantitative
imaging biomarkers will experience increases in capability and adoption analogous to genetic
biomarkers in molecular biology. By formally defining concepts and synonyms of concepts
in the imaging domain, the use of ontologies helps eliminate variation and ambiguity in
terminology, and thus can be used to link data and knowledge from different sources.
Likewise, organized lexicons such as RadLex relate radiologist interpretations with other
sources of medical concepts. By themselves, these lexicons only structure data abstractions,
but when integrated into a processing system, they can aid in the representation and
structuring of output produced by a system. Reporting based on ontology to represent the
complex and heterogeneous imaging biomarker data and knowledge would enable not just the

exposition of data, but the computer aided drawing of insights from that data.
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SUMMARY

Disclosed herein are advanced reporting systems based in part on ontology
development for quantitative imaging biomarkers, information modeling to integrate
heterogeneous data types relevant to quantitative medical analysis, and a knowledge
representation framework for their statistical validation. The disclosure provides a
meaningful and concrete method to realize the value of quantitative imaging in such a way as
to enhance rather than degrade clinical workflow productivity, featuring: 1) a reporting engine
integrated with quantitative imaging application software that integrates reporting logic to a
rich data representation based on ontology; 2) an in-built knowledge graph that persists data
for clinical decision support and discovery research; 3) an expressive natural language
interpretation of underlying objective and quantitative measurement data; 4) drill down
capability highlighting the specific pathology tied to findings; and 5) a hierarchically
organized detailed chart with varying levels of summarization reaching down to a level which
would otherwise only be available ex vivo but which, by the methods of this disclosure, is
accessible non-invasively in vivo. Analysis of vasculopathy, such as atherosclerosis and
vasculitis, is used as a case study of these methods to evaluate its results within a tangible
application targeted to CVD.

These and other features and advantages will be apparent from a reading of the
following detailed description and a review of the associated drawings. It is to be understood
that both the foregoing general description and the following detailed description are

explanatory only and are not restrictive of aspects as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure will be more fully understood by reference to the detailed description,
in conjunction with the following figures, wherein:

FIG. 1is a diagram of an overview of classes;

FIG. 2 is a magnified class diagram showing attributes (corresponding to upper part
of FIG. 1),

FIG. 3 is a magnified class diagram showing attributes (corresponding to lower part
of FIG. 1),

FIG. 4 is a schematic of main reporting activities and flow;
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FIG. 5 shows a further breakdown of processing the current encounter;

FIG. 6 illustrates decomposition of prepared computational models;

FIG. 7 is a schematic illustration of a client-server architecture;

FIG. 8 1is a screen shot of the top of the vertical scrolling area of the report generator
in Chart view;

FIG. 9is a screen shot of analysis target or lesion-level summary;

FIG. 101is a screen shot of vessel or segment level summary (hierarchically organized
under target or lesion),

FIG. 11 is a screen shot of cross-section level detail (hierarchically organized under
vessel or segment);

FIG. 12 is a screen shot of a presentation of longitudinal change across encounters;

FIG. 13 is a screen shot of a pop-up screen available when right-clicking on any
measured quantity;

FIG. 14 1is a screen shot of a narrative view with two drill downs selected; and

FIG. 15 is a screen shot of the directory-style access via browser.

DETAILED DESCRIPTION

In the description that follows, like components have been given the same reference
numerals, regardless of whether they are shown in different examples. To illustrate
example(s) in a clear and concise manner, the drawings may not necessarily be to scale and
certain features may be shown in somewhat schematic form. Features that are described
and/or illustrated with respect to one example may be used in the same way or in a similar
way in one or more other examples and/or in combination with or instead of the features of
the other examples.

As used in the specification and claims, for the purposes of describing and defining the
invention, the terms “about” and “substantially” are used represent the inherent degree of
uncertainty that may be attributed to any quantitative comparison, value, measurement, or
other representation. The terms “about” and “substantially” are also used herein to represent
the degree by which a quantitative representation may vary from a stated reference without
resulting in a change in the basic function of the subject matter at issue. “Comprise,”

“include,” and/or plural forms of each are open ended and include the listed parts and can
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include additional parts that are not listed. “And/or” is open-ended and includes one or more
of the listed parts and combinations of the listed parts.

In example embodiments, systems and methods of the present disclosure may
implement a report generation module including a natural language generator. The report
generation module may be configured to receive a data set including quantitative and
objective measurements of one or more biological properties of a patient. The report
generation module may then advantageously process the data set using the natural language
generator to automatically provide a natural language narrative including an objectively
structured set of a plurality of findings based on the quantitative and objective measurements.
Using this natural language narrative, the reporting module may then generate and display a
report for the patient (i.e., where the report includes the natural language narrative).

In some embodiments, the generated report may be configured to correlate each of the
plurality of findings in the natural language narrative with a specific quantitative data subset
supporting that finding. Thus, in example embodiments, a user may advantageously use a
user interface to selectively view the specific quantitative data subset correlated with each of
the findings in the natural language narrative.

In example embodiments, the received data set may include a hierarchical data
structure including one or more qualitative pathological features which are determined based
(at least in part) on the quantitative and objective measurements of the one or more biological
properties. These objective measurements of one or more biological properties (i.e.
biomarkers) may further be determined based (at least in part) on image features extracted
from imaging data (e.g., CT/MRI imaging data). Advantageously, the determined one or
more qualitative pathological features may be indicative of therapeutic/treatment options or
further diagnostics. The determined one or more qualitative pathological features may also be
used in determining one or more predictive outcomes for the patient (which may further be
informed based on contextual information such as patient demographics). Thus, in example
embodiments, the hierarchical data structure may further include one or more predictive
outcomes for a pathology.

In example embodiments, the natural language narrative may include an objective
natural language interpretation of both the quantitative and objective measurements and the

qualitative pathological features. Thus, e.g., wherein the qualitative pathological features may
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include phenotype classification for a pathology. In embodiments where the hierarchical data
structure further includes one or more predictive outcomes for a pathology, the natural
language narrative may also include an objective natural language interpretation of the one or
more predictive outcomes for the pathology.

In some embodiments, machine learning may be utilized to train a first algorithm for
identifying and quantifying (objectively) the measurements of the one or more biological
properties based (at least in part) on imaging data. Machine learning may also be utilized to
train a second algorithm for identifying and qualifying the pathological features based (at least
in part) on the quantified measurements of the one or more biological properties.
Advantageously, the first and second machine learned algorithms may be independently
derived (i.e., distinctly trained).

In some embodiments, a training set from one or more non-radiological or non-
imaging data sources may be used in training an algorithm for identifying and quantifying
(objectively) the measurements of the one or more biological properties based (at least in part)
on radiological imaging data. Non-imaging sources may include, e.g., one or more of (i)
demographics, (i1) results from cultures or other lab tests, (ii1) genomic, proteomic or
metabolomic expression profiles, or (iv) diagnostic observations.

In further example embodiments, systems and methods of the present disclosure may
implement a report generation module configured to receive a data set including quantitative
and objective measurements of one or more biological properties of a patient (e.g., from
imaging data) and use an ontological data model including a taxonomic hierarchy of
biomedical concepts related to a domain of biological properties to (e.g., wherein the
ontological data model includes semantic relationships between biomedical concepts) to
analyze the data set and generate and display a report for the patient based on ontology from
the ontological data model. Advantageously, the report may utilize pre-computed data points
and information from older data sets to reduce processing time. In some embodiments the
report may include longitudinal trend analysis based on ontology from the ontological data
model. Longitudinal trend analysis may similarly include using pre-computed data points and
information for a trend from older data sets to reduce processing time. In example
embodiments, the taxonomic hierarchy of biomedical concepts may include a hierarchical

characterization of a target anatomical site. For example, the hierarchical characterization of
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the target anatomical site may include characterization of a vessel, a vessel segment, and a
segment cross-section as well as a characterization of an anatomic region for the vessel.

In some embodiments, the ontological data model may include/define relationships
between qualitative pathological features and quantitative the report may advantageously be
configured to include one or more qualitative pathological features for the patient which are
automatically and objectively determined based on the ontological data model.

The one or more qualitative pathological features may include phenotype
classification for a pathology and may provide for computer aided detection of a pathology.

In example embodiments, the systems and methods of the present disclosure may
advantageously employ a client server architecture. Thus, in some embodiments, a server
may be configured to receive a request from a client whereby such request triggers the
generation of a report. In such embodiments, the server may be advantageously configured to
work ahead and pre-compute available report information prior to receiving a client request to
reduce processing time.

Referring now to the preferred embodiments in the figures, the systems and methods
of the present disclosure may typically involve multiple components, including a data model
covering the key concepts necessary to capture quantitative imaging results tied to objectively
verifiable biophysical concepts. This data model may be implemented utilizing a RDBMS
integrated with a knowledge graph for linked data supporting inference over large, sparse,
data sets. Express consideration for HIPAA requirements is in the design, while still allowing
access to data for clinical care and clinical research use cases. The reporting system logic and
user interfaces may be architected with a client-server infrastructure capable of efficient
operation and implemented in the best of contemporary frameworks. Specific logic
supporting application methods may use these components to meet specific use cases.

A “Chart” view may be organized hierarchically by anatomic site and as a result offer
a comprehensive view as needed, whereas A “Narrative” may draw inspiration directly from
the radiology reports that clinicians are used to seeing, but incorporate the unique capabilities
of the CAP platform to increase the value of radiology without forcing an overwhelming
presentation which could compromise that value in practice. The basic principles of the
Narrative view are to use plain language as well as accepted words (e.g., qualifiers) like

“normal” and “severe” rather than cryptic acronyms and numbers, but do so without losing
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the value of the quantitative and objection analysis numbers (which may be advantageously
made accessible using a drill down architecture). Drill downs may be advantageously
accessible via a user interface (e.g., by single clicks, hovering, highlighting, etc.) to go
directly to a detected pathology which may be augmented by the Chart view (provided to
allow as high a level of detail as may be needed, for example, for procedure planning beyond
more simplified diagnostic use cases). Thus, the Narrative view may focus on the subset of
the quantitative analysis found to be abnormal, while the Chart may advantageously place
normal or abnormal measurements in context (e.g., relative to one another or relative to a
patient population or demographics).

The initial system-generated text in the Narrative view may be presented so as to be
fully editable by the clinician, enabling full control to change the way a sentence is worded if
they do not like it, or delete it altogether. Definitions of “normal”, “severe” or other
classifiers may advantageously draw from a table of value ranges initialized from batch
processing of reference case data. In some embodiments, the table of value ranges may also
be user accessible to allow for customization or editing thereof (e.g., for modeling different
patient populations as needed).

The underlying information model incorporated within the application may provide
key support for meeting the objectives described herein. Thus, the systems and methods of the
present disclosure may build on prior work as described in Buckler, A.J., et al., Quantitative
imaging biomarker ontology (QIBO) for knowledge representation of biomedical imaging
biomarkers. Journal of digital imaging: the official journal of the Society for Computer
Applications in Radiology, 2013. 26(4): p. 630-41; Freimuth, R.R, et al., Life sciences
domain analysis model. ] Am Med Inform Assoc, 2012. 19(6): p. 1095-102 and Buckler, A,
et al., A Novel Knowledge Representation Framework for the Statistical Validation of
Quantitative Imaging Biomarkers. Journal of Digital Imaging, 2013. 26(4): p. 614-629.

In example embodiments, data abstractions may be implemented in three ways: a
knowledge graph, aka Resource Description Framework (RDF) triple/quad store, a relational
database management system (RDBMS), and dictionaries in Python. Figure 1 depicts the
main classes that may be captured in Unified Modeling Language (UML), and Figures 2 and
3 identify key attributes for each class. The object model in Figures 1-3 further illustrates

11
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which classes are implanted on client and server sides, respectively, in preferred embodiments
of the present disclosure.

Furthermore, the object model in Figures 1-3 illustrates how data privacy and
encryption may be handled in example embodiments of the present disclosure. The systems
and methods of the present disclosure may utilize an ontology (built based on Quantitative
Imaging Biomarker Ontology (QIBO)) as a hierarchical framework of terms that represents
concepts for the quantitative imaging domain as well as key relationships between concepts.
To meet HIPAA compliance requirements, Protected Health Information (PHI) may be stored
in encrypted form, with one-way hash IDs being used in the non-encrypted discovery graph.
A knowledge graph may then be utilized to expose SPARQL endpoints for discovery
research. This design implements a strategy to protect individual identity of patients but yet
still have access to quantitative information in such a way that relationships to specific
patients are available for clinical care by clinicians with access rights. In general, “core
identifiers” may be stored and accessed with encryption in the RDBMS, with “detailed” but
non-identifiable information stored in the knowledge graph.

With reference now to Figure 4, a high-level flow chart of an exemplary reporting
module implemented by the systems and methods of the present application is depicted.
Reporting is comprised of processing to compose a given patient’s current encounter report
410 and processing of previously processed encounters 420 for longitudinal analysis. All
encounters may then be used to create the trend analysis 430 if multiple encounters are found.
The current encounter may then be taken and used to compose a narrative 440 as another way
to view the current encounter’s data. In some embodiments, a few sentences describing
trends may also added to the narrative view (e.g., if a previous encounter has been found). In
example embodiments, trend analysis provided by previous encounters may impact the
narrative by adding context and/or by establishing a basis of comparison for current results.
In some embodiments, a user interface may enable selection/customization of different types
of narrative views.

A more detailed implementation of an exemplary reporting module implemented by
the systems and methods of the present disclosure is discussed below. In example
embodiments, a client application may perform image processing to make report content. A

user may select a workitem file, whereby the client may securely package this data and
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transition to the server-side of the reporting module, obtaining an ID used in subsequent steps.
The server may receive the hypertext transfer protocol (HTTP) multipart, store the issued
report instance, potentially log a billing item ID to charge against, and return the report ID to
the client which will be used to host the viewing/editing session as well as to provide
continuity for maintaining versions and provenance. The server may start the
processWorkitemThread, fork off external processes for “current” and “other” encounters,
and ultimately send a HTTP(S) response back to the client. This advantageously allows
“working ahead” on the server (even if the client does not request a report). Such working
ahead provides for a near instant response one a report is queried since query analytics are
precomputed and updated on the server side.

In example embodiments, when a user requests a report on the client side, the
generate context method may be called and process may generally be similar to the process
flow described above for generating report content. In particular, generate context may
create (on the server side) a context data structure, which is passed to the web framework
(Django, in an example) templates, which are then processed by the Django template
processor. The output of that (HTML, CSS, and JavaScript) may be returned back to the
client in a HTTP response. In some embodiments, a user may request a report be exported
(e.g., to the client), whereby a ‘download’ request is sent to the server, which generates the
HTML as above. The server may further convert the HTML output to PDF (which may then
be added to both the knowledge graph and the RDBMS, e.g., implemented by Stardog and
MySQL in examples, respectively). Once added to the knowledge graph, the PDF may then
be downloaded to the client’s local machine and also stored on the server’s file system.

In example embodiments, a report module, according to the systems and methods of
the present disclosure may utilize the following process flow to compose a current encounter
(step 410). Image analyst data 405, e.g., taken from a file on the client, may be parsed into a
hierarchy of anatomical fields of view relating to a target (e.g., target, vessel, and cross-
section level blocks). Lesions, although subordinate to target in exemplary hierarchical
models implemented in the file, may be brought up to be at the same level and in the same
format as targets during this stage to enable separation of a target view and a lesion view.
Predictions and pathologies may then calculated. In example embodiments, composition of

the current encounter (i) gets data from the workitem and readings files containing the
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measurements, (i1) parses the data, and (iii) stores all the data needed for the current encounter
in a JSON file (as well as to the knowledge graph on export). Analysis target level
measurements may be extracted in the file. In some embodiments, user marked lesions may
be utilized in generating the output data. In other embodiments, automatic lesion detection
and quantification may be utilized (e.g., in the absence of markings). Thus, lesion level
measurements and cross-section level measurements, may also be extracted in the file. Thus,
analysis of a current encounter, as stored in the output file, may ultimately create a composed
analysis capturing the observation hierarchy into a series of numeric and visual artifacts. In
some embodiments, analytics may further apply predictive models at the patient level. The
systems and methods of the present disclosure have high repeatability and accuracy. By
virtue of having objectively assessed analytic/technical performance, as well as all detailed
provenance, all observations are supported by a detailed audit trail of what they were based
on, who processed steps, how the steps were undertaken, the settings and tool versions used,
and detailed performance metrics of the uncertainty of the observed value.

In example embodiments, pathology determination includes derivation of presentation,
based on nearby or related pathologies as needed (e.g. the post-stenotic dilatation), setting up
the abstractions needed for the natural language narrative, and storing findings in the
knowledge graph with reference to applicable biophysical concepts. These stored findings
may advantageously provide for the composition of the narrative view, which in example
embodiments, operates by automatic composition of key images, clinical indication,
procedure, findings from the pathologies detected represented in natural language, and
initializes an impression based on the patient-level predictions. Drill downs may be made
available (e.g., via a user interface) for lineal graphs of measurements along the vessel’s
centerline and for cross-section measurements, reference ranges, and similar sections.

In further example embodiments, a report module, according to the systems and
methods of the present disclosure may utilize the following process flow to compose other
encounters (step 420) and create trends (step 430). As previously noted, in some
embodiments, the reporting module may use the knowledge graph to retrieve information
across multiple encounters, thereby enabling a longitudinal trend analysis, e.g., of given
identified lesions or targets, as well as enabling summary measures for the patient as a whole.

Analyzing previous encounters has the same general process flow as analyzing a current
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encounter except that the data is queried from the knowledge graph and nothing is calculated.
Encounters that had previously been exported from the client will be found if present. These
previously analyzed encounters may then be composed in a format consistent with the current
encounter (if necessary). Each encounter (current and past) may advantageously, presented
on its own tab in the Chart view.

In example embodiments, analytics may include multiple, numeric trend lines with the
encounters composed into graphs. For each measurement discovered that has more than one
encounter, a plot may be created at target, lesion, and vessel levels. Like the encounter tabs,
there may be a target view and a lesion view. As previously noted, the encounters and trends
may also be used for generation of descriptions of change in the Narrative view.

In further example embodiments, a report module, according to the systems and
methods of the present disclosure may utilize the following process flow to compose a
narrative view (step 440). Pathologies and predictions from a current encounter may be used
to create summary statements, based in quantitative data but expressed in natural language, to
express the measurements. In example embodiments, the measurements may be categorized
to determine, e.g., for each cross-section, if they are clinically relevant. Clinically relevant
measurements may then be presented, e.g., with clinically relevant cross-sections categorized
into a lesion. Data structure with age-adjusted normal ranges, as in the following illustrative

example, are shown in Table 1.

Table 1
MaxStenosis (worst of | 0-29 30-69 70-99 100
by area or diameter) No text “moderately “severely “Fully occluded”
stenosed” stenosed”
MaxDilation (worst of | 1-1.2 1.2-1.5 1.5-2.5 >2.5
by area or diameter) No text “mildly dilated” “moderately Severely dilated
dilated
MaxWallThickness 0-1 mm 1-1.5 mm 1.5-2.5 mm > 2.5 mm
No text Mildly thickened | Moderately Severely
thickened thickened
MaxCALCArea Lower quartile Upper quartile
No text Some Moderately Highly calcified
calcification calcified
MaxLRNCArea Lower quartile Upper quartile
No text Some lipid Moderate lipid Large lipid core
deposits core
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Pathologies are based on the table of reference ranges that can be changed by the user,
via a rule-based approach (Pyke, in an example) that determines presentation or condition,
aspects, and qualities, each of which is listed for use by the natural language generation step
as grammatical elements.

An illustrative example of rules pertaining to measurements that have been

categorized can be understood broadly in the example shown in Table 2.

Table 2

When... Use
Max Max MaxWall | Max Max
Stenosis | Dilation | Thickness | CALCArea | LRNCArea
0 0 0 0 0 Normal
0 0 >1 Outwardly remodeled plaque without stenosis
0 >1 0 Dilitation
0 >1 >1 Outwardly remodeled plaque with dilation
>1 0 0 stenosis
>1 0 >1 plaque with stenosis
>1 >1 0 (cannot happen)
>1 >1 >1 (cannot happen)

Other rules support chaining for elucidation of relationships, not just thresholded
measurement categories.

Presentations and conditions are treated as noun phrases for sentence subjects, where a
presentation is countable (e.g., “an atheroma”, SNOMED-CT 50808002) and a condition is
not countable (e.g., “vasculitis”, SNOMED-CT 31996006). Qualities are adjectives in the
subject noun phrase, with an optional adverb (e.g., “highly calcified”). Aspects are
coordinated objects, grammatically noun phrases with preposition (e.g., “with a large lipid
core”). These are used in paragraphs for each lesion in the findings section, where the topic
sentence specifies body site, center, and length. If there is no detected pathology, a paragraph
may be generated indicating that the target presents as normal. These grammatical
specifications are used as input to a natural language generation library (simplenlg, in an
example). In general, the narrative may present abnormal findings or, if no abnormal finding
are present, may indicate such. By highlighting only the abnormal findings in the narrative,
the narrative advantageously presents only the most clinically relevant aspects of the data
included in the chart view. In example embodiments, narrative “Findings” may be presented

via a user interface, e.g., in an edit window, for a user to accept, modify, or change outright.
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Tools may also be provided to enable a user to refine the narrative generation process,
including terminology, presentation format, included findings, preferred metrics, etc.

A few representative example outputs which may be represented in the “findings”
block of a report, are as follows.

If the patient only has no lesions marked:

“The left carotid presents with 28.0mm of atheromatous plaque centered in the
bifurcation. The highly dilated, highly calcified atheromatous plaque has severe remodeling
and a large lipid core. The lesion is likely a type IV or V plaque by the AHA classification
system.”

If there was a lesion marked:

“The lesion xyz in the left carotid presents with 18.5mm of atheromatous plaque
centered 5.5mm distal from the bifurcation. The highly dilated, highly calcified atheromatous
plaque has severe remodeling and a large lipid core. The lesion is likely a type VI plaque by
the AHA classification system. Maximum stenosis lies outside of the lesion in the common
carotid, 3mm proximal from the bifurcation, outside of where xyz has been marked.”

Or for a different patient:

“Patient MRNOOOO presents normal for a 56 year old man.”

Example outputs represented in the “Impression” block of the report, and presented in
an edit window for the user to accept, modify, or change outright, are as follows (illustrating
the output when two different prediction models are installed, one called “stroke” and the
other called “neuro”):

If there was only one encounter:

“These findings confer a 76% likelihood of the patient experiencing ischemic stroke or
TIA according to the stroke model.”

“These findings confer a 70% likelihood of the patient experiencing a recent ischemic
stroke or TIA according to the neuro model.”

If there were multiple encounters:

“Patient MRNOOO was seen 3 years prior to the present encounter. Overall plaque
burden increased by 120%, with lesion xyz growing 2 mm in length. In 2011, the most
clinically vulnerable presentation 6 mm distal to the bifurcation was most likely type IV, but

this location is now more likely a V, and other cross sections have progressed.”
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“These findings confer a 70% likelihood of the patient experiencing a recent ischemic
stroke or TIA according to the neuro model, an increase of 4% relative to 09-06-2011.”

In further example embodiments, a report module, according to the systems and
methods of the present disclosure may utilize the following process flow to compose an
output (step 450). The report generator is accessed either when an analysis is first performed
in the client, or if an existing report is updated in the browser. Using Django, for example, a
context of all previous steps is put into HTML templates to create the page. The Chart view
report s organized into hierarchical observation contexts. The following elements comprise
the report for each available encounter:

e Patient-level summaries (demographics, target list, medications and observations)

e Target-level analysis (key images, tables, graphs, lesion list)

e Vessel-level analysis (key images, tables)

e Cross-section-level analysis (key images, tables, graphs, reference ranges, similar
section plaque type chart)

As noted above, in some embodiments, more than one encounter may be available.
Thus, in some embodiments, a user interface may present a “Trends” tab with trend charts for
each calculation at each observation context. Comment fields and provenance (audit trails)
may advantageously be included at all levels. In preferred embodiments, the report module
may generate as output an HTML page that can be edited and/or an export file (such as a
PDF). In some embodiments, the outputted report may implement the Digital Imaging and
Communications in Medicine (DICOM) Structured Reporting (SR) Patient/Study/Series
information model. In some embodiments, hierarchical observation contexts may add a
hierarchical tree of “Content Items” with coded nomenclature which allows use of
vocabulary/codes from non-DICOM sources (e.g., RadLex Logical Observation Identifiers
Names and Codes (LOINC®) and SNOMED-Clinical Terms). RadLex provides standardized
indexing and retrieval of radiology information resources. It unifies and supplements other
lexicons and standards, such as SNOMED-CT and DICOM. Using RadLex terms, it provides
a standardized information model compatible with DICOM SR, XML, and Health Level 7
(HL7) formats for such observations. In example embodiments, templates may be used to
define content constraints for specific types of documents/reports. Relationships between a

given report, the subject of the report, the observer making the report, related or supportive
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data, and the observations themselves may be represented in the RDBMS and may be output
using rationalized concepts of DICOM SR with those of HL7 Clinical Document Architecture
(CDA) (DICOM PS3.20 2016¢ - Imaging Reports using HL7 CDA). The HL7 CDA is an
XML-based markup standard intended to specify the encoding, structure and semantics of
clinical documents for exchange.

Query for patient information used to augment imaging predictors in predictive
models, as well as means by which report data is exported to Electronic Health Record
systems (EHRs), may be performed using python-hl7 which is a library for parsing messages
of HL7 version 2.x into Python objects. python-hl7 includes a client that can send HL7
messages to a Minimal Lower Level Protocol (MLLP) [121] server also implemented in the
library.

Computational models (415) may be utilized for initializing reference ranges. For
example, reference ranges for biological properties may be initialized at least in part from
histology (however, may be overridden by the user, and similar section analysis of
phenotypes). Reference ranges may also be initialized at least in part based on
analytic/technical performance from reference and ground truth collections (allowing
representation of uncertainty drawn from analytic performance calculations). Furthermore,
reference ranges may be initialized at least in part from outcome prediction models based on
model building techniques.

Composing a current encounter (e.g., step 410 of Figure 4) is further illustrated and
described with respect to the exemplary process flow of Figure 5.

At step 510, top level measurements are added to the current encounter, and added to a
knowledge graph if on an export. The measurements may be sorted into either structure or
composition tables.

At step 520, lesions are detected. In example embodiments, lesions may be marked by
a user, e.g., based on a user selected area or region of an image, and/or based on a user
confirmation of suggested lesion regions. If no lesions have been marked by the user, lesions
may be determined based on a combination of the measurements. In example embodiments,
areas of interest may be determined using ranges initialized based on cohorts of patients for
quartiles, however they can be changed by the user. If there are multiple high measurements

or one very high measurement, this will be included in what will be determined as a lesion.
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At steps 530, 540 and 550, lesion, vessel, and cross-section level measurements may
be respectively extracted. For all lesions found or marked within the target, the same flow is
followed as for the target level measurements. Vessels in the target are recursively looped
over, starting at the root vessel. The same flow is followed as for the target-level
measurements. The cross-section level has all the of the same data elements taken out as with
the target or lesion, but also presents measurements using reference ranges and computes a
similarity metric relative to a collection of potentially similar sections that have been
annotated with a known phenotype. In addition to adding the section to the target, the cross-
section level also is added to any lesions that contain it. These measurements are also used to
create various sets of plots to be displayed at the target/lesion level to show the progression
along the target/lesion.

At step 560, pathology may be detected. Using a rule-based system on the lesion level
measurements, pathologies are then determined. The same ranges as with detecting lesions
are used. If detected on an export, they are added to the knowledge graph. The rule base
utilizes both forward and backward chaining to determine the overall presentation or
condition, aspects, and qualities, each of which is listed for use by the natural language
generation step as grammatical elements. For example, atheroma is detected as signified by a
thickened wall with moderate or more lipid-rich necrotic core, and regardless of calcification,
stenosis, or remodeling ratio, as distinct from vasculitis, signified by thickened wall without
appreciable lipid-rich necrotic core or calcification but regardless of stenosis or remodeling
ratio.

At step 570, predictive models may be applied. R models created by a statistician are
then called with the target and lesion level measurements. These outputs are used in the
Narrative view under the “Predictions” section. In addition to the current encounter’s
predictions, any previously exported predictions found would be added to show the change in
prediction. The predictions are added to the knowledge graph when exported.

With reference now to Figure 6, an exemplary process flow for preparing
computational models (e.g., computational models 515 of Figure 4) is described.

At step 610, reference ranges are constructed. Ground truth or reference data from
defined patient cohorts is analyzed to determine distributions of values, annotated by age and

sex as well as compilation of measurements vectors that may be used for comparison
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purposes, €.g., to enable determination of how similar a given imaging cross-section is to a set
of reference sections.

At step 620, technical performance is processed. All measurements in the knowledge
graph are queried out and statistical analyses of analytic or technical performance are created,
including, for example, estimation of basis, linearity, reader variability, and limit of
quantitation. A variety of charts and graphs are produced, but from the perspective of the
reporting applications, a data structure for each type of measurement is produced that enables
given values to be represented on user request (e.g., right clicking the number) with a
confidence interval to represent measurement confidence.

At step 630 predictive models are constructed. On the basis of observed measurements
and outcome findings, predictive models are created for use in applying a given patient’s
measurements to determine predictions for outcomes.

Additional capability is provided for tracking and display of detailed provenance for
audit trails, ability for selection of product (allowing functionality for multiple regulatory
jurisdictions to be present in the same code base), and user-institution binding. The view
session has the facility to trap an export signal and store the returned PDF, DICOM S/R, HL7
CDA, or other formatted result to disk or transfer to EHR. Likewise, the CAPgraph server
can also be accessed from a browser. From the browser, a user can view the reports that have
been exported. The user can also ‘Update’ the report to get back to HTML, and re-export the
updated report as a PDF. These capabilities are further implemented in a manner that allows
precomputation while other aspects of the image processing are taking place for efficient and
nearly instant availability of results from the user’s point of view. All functions are password
protected, transfers of protected health information are encrypted, and users may have one or
more institutional affiliations for billing purposes and in filtering report listings.

With reference now to Figure 7, in exemplary embodiments, the flow process of
implemented by the reporting module may advantageously be decomposed into a client side
and server side. The data flow between the vascuCAP client and CAPgraph server is as
follows.

When a user selects a workitem file on the client:

1. A ‘workitems’ HTTP request is sent to the server

2. That is handled by the ‘workitems’ view in the server
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3. That starts the processWorkitemThread, which processes the multi part message
containing the workitem file, the readings file, and the images.

4. Next, it forks off 2 external processes: generate current encounter data.py, and
generate other encounters data.py

5. generate current encounter data gets data from the workitem file and calls
readings module. VesselTree.from_file. It passes the data returned from that to
fix_blocks, and then stores all the data needed for the current encounter in a JSON file.

6. generate other encounters data gets data from the linked data store (implemented by
Stardog in an implementation) and calls
readings module. Vessel Tree from CAPgraph. It passes the data returned from that to
fix_blocks, and then stores all the data needed for the other encounter in a JSON file.

7. A HTTP response is sent back to the client.
When a user requests a report on the client:

1. A ‘workitem’ request is sent to the server.

That is handled by the ‘workitem reading_tree resource’ view in the server.

That calls ‘generatereport.py’ passing in the JSON data generated above.

HowoN

That causes the generate context method to be called, which creates a context data
structure, which is passed to the django templates, which are then processed by the
Django template processor.
5. The output of that is HTML, CSS, and javascript, which is all returned back to the
client in a HTTP response.
When a user requests a report be exported on the client:
1. A ‘download’ request is sent to the server.
This is handled by the download method of generatereport.
That generates the HTML as above, however it then converts that to PDF.
At this point, data is added to both the linked data store and the RDBMS.

A

The PDF is downloaded to the client’s local machine and also stored on the server’s
file system.

The CAPgraph server can also be accessed from a browser. From the browser, a user
can view patients who have had reports exported, view those reports as PDF, ‘update’ the

PDF back to HTML, and re-export the updated report as a PDF. Each of these functions is
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implemented by sending a request from the browser of type patients, reportlist, instancelist,
update, or download. They are handled by functions of the same name. Each function
extracts the requested data from the RDBMS and formats it for presentation in the browser.

With reference to Figures 8-15 an exemplary report generated using the systems and
methods of the present disclosure is depicted along with an exemplary user interface for
interacting with the report.

Figure 8 depicts the the top of the Chart view for the report of Figure 8-15. This view
contains a tab representing the encounter used to generate this report, sequenced
chronologically with any other encounters found to have been previously exported for this
patient. Other encounters for the same patient, if they have been previously exported, will be
displayed as tabs, and a Trends tab will be available across them. Notably, if there is only one
encounter available, there will be a single tab labeled by date and no “Trends” tab displayed.

The report may be viewed at either the Target-level, or at the Lesion-level via a toggle
at the top to switch views. If lesions have been marked, it will default to Lesion-level,
otherwise it will default to Target-level. The Lesion-level Report contains the same features
as the Target-level Report. However, the calculations and graphs are determined by the lesion
boundaries.

As depicted in Figure 9, a user can scroll down through the Chart view of the report to
see as many graphical contexts as present in the target. Recording key images at the cross-
section level will also determine the default state of the show/hide functionality (that is, a
cross-section is defaulted to be shown if it has a key image and by default hidden if it does
not). Cross sections with max target level measurements will automatically have a key image
taken. To expand the target analyses, a user clicks on the Show/Hide button next to the
target(s), vessel(s), and cross-section(s) of interest, regardless if initially shown or hidden.
Cross-sections are subordinate to vessels, and vessels to target, so expanding a target will
expose the vessels within it and expanding a vessel will expose the cross-sections within it
(Figures 10 and 11, respectively).

As depicted in Figure 11, by scrolling lower through the Chart view, a user sees as
many cross-section contexts as present in the vessel. Structure and composition calculations
for this cross section may be shown on graphs indicating ranges normally seen in a

subpopulation. A bar chart may be presented where the height of the bar indicates a
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normalized count of cross sections which meet similarity criteria and for which American
Heart Association (AHA) classification type for atherosclerotic plaque has been determined
from histology. The “Show/Hide” controls are defaulted based on the presence of key images
as had been added in Encounter Analyze, but additional observation contexts may always be
shown and whatever is shown may be hidden.

As depicted in Figure 12, longitudinal trends charts for patients with multiple
encounters may be accessed by pressing the Trends tab at the top of the Chart view. Clicking
on any measurement brings up both the numeric confidence interval inclusive of bias and
precision due to a variety of sources of error and variability, as well as the detailed audit trail
of how the measurement was derived (Figure 13).

Figure 14, depicts an example narrative view corresponding to the Chart view of
Figures 8-13. The Narrative view is structured to look more similar to a traditional radiology
report but backed by the quantitative data. It has sections for Clinical Indication, Procedure,
Findings, and Impression. These fields are initialized by the processing described above, but
presented in edit boxes prior to export. Drill downs are presented with show/hide buttons,
which are initially hidden but capable of being shown on selection. The narrative view
depicted in Figure 14 is an exported version thereof.

With reference again to Figure 8, to export the analysis results to the discovery
knowledgebase and create a composed PDF report to document the analysis, a user presses
the Export button at top. When the Export button is hit, only those contexts that are shown
are included in the PDF, but if a subsequent Update is performed, they are still available. A
browser access is provided with multiple levels of search fields to access exported reports,
which also enables an Update function that allows a given report to be updated by the same or
a different clinician after the initial export, maintaining a rigorous provenance record of
changes made (Figure 15).

Both supporting this and in turn being retained as persisted linked data left in the
knowledge graph afterwards, SPARQL and other batch processing/discovery applications
support inference for data mining and other capabilities beyond the report itself [38-40]. This
representation provides a direct benefit in allowing integrated knowledge across imaging and
non-imaging data sets, enabling applications to assemble/transform the set of RDF triples to

SPARQL queries. This enables data integration across the genomic, gene expression, clinical
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phenotype and imaging data, using federated SPARQL queries and inferencing to formulate
testable hypotheses and associated datasets for the validation of a new imaging biomarker
based on a linked data specification of the biomarker.

Many advantageous features are disclosed by the systems and methods presented
herein. For example, the subject application provides for a novel reporting engine integrated
with quantitative imaging application software that integrates reporting logic to a rich data
representation based on ontology. Furthermore, the subject application provides for an
expressive natural language interpretation of underlying objective and quantitative
measurement data. Thus, in some embodiments, systems and methods may include drill down
capability highlighting the specific pathology tied to the narrative findings. Furthermore, the
subject application, provides a hierarchically organized detailed chart with varying levels of
summarization reaching down to a level which would otherwise only be available ex vivo but
which by this method is accessible non-invasively in vivo. For example, a hierarchical
characterization of the target anatomical site is provides which includes characterization of a
vessel, a vessel segment, and a segment cross-section.

Other advantages disclosed herein include:

e When a user selects a workitem file on the client, starts the processWorkitemThread,
forks off 2 external processes for current and other, ultimately sends HTTP(s)
response back to the client. This is the process that allows “working ahead” on the
server.

e When a user requests a report on the client, same as above, but also causes the
generate context method to be called, which creates a context data structure, which is
passed to the templates, which are then processed by the template processor. The
output of that is HTML, CSS, and javascript, which is all returned back to the client in
a HTTP response.

e  When a user requests a report be exported on the client a ‘download’ request is sent to
the server, generates the HTML as above, however it then converts that to PDF, data is
added to both knowledge garph and RDBMS, The PDF is downloaded to the client’s

local machine and also stored on the server’s file system.
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Compose current encounter gets data from the workitem and readings files, parses the
data, and then stores all the data needed for the current encounter in a serialized file
(e.g., JISON or XML) (as well as to knowledge graph on export).

Extraction of target level summary readings

Use of marked lesions

Automatic lesion detection and quantification

Extraction of lesion level readings

Extraction of cross-section level readings

Pathology determination

Ontology extension

Derivation of presentation based on nearby or related. e.g. the post-stenotic dilatation
Natural language narrative

Application of predictive models

Compose other encounters gets data from the knowledge graph, stores all the data
needed for the other encounter in a serialized file (e.g., JSON or XML)

Creation of trends

Automatic composition of key images, clinical indication, procedure, findings,
impression

Drill downs for lineal graphs of measurands along pathline

Drill downs for cross-section readings, reference ranges, similar sections

Natural language findings narrative generation

Report export functionality

DICOM SR and CDA as additional export results along with PDF

RadLex as string source

HL7 receiver for other predictive model input

HL7 transmitter for export

SPARQL endpoints for discovery research, surveillance, and other apps
Preparation of computation models

Reference ranges including

o GUI for tailoring ref ranges
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o Multiple body site, age, and sex reference ranges
o Ranges configured to troll over reference cohort to create quartiles for use as
reference ranges

Processing of technical performance to compute metrics used to construct confidence
intervals
Representation of uncertainty drawn from analytic performance calculations
Creation of outcome prediction models to extract out data to build predication and
classification models
Provenance tracking/ display
Similar section analysis of phenotypes
Selection of product and institution
The CAPgraph server can also be accessed from a browser. E.g., from the browser a
user can view patients who have had reports exported, view those reports as PDF,
‘update’ the PDF back to HTML, and re-export the updated report as a PDF.
The Second multipart can be sent which may be reprocessed (causing the composed
analysis to be tossed and regenerated, or ignored if nothing has changed)
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While this disclosure has been particularly shown and described with references to
preferred embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the spirit and scope
of the present application as defined by the appended claims. Such variations are intended to
be covered by the scope of this present application. As such, the foregoing description of
examples of the present application is not intended to be limiting, the full scope rather being

conveyed by the appended claims.
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CLAIMS

1. A system comprising a processor and a non-transient storage medium, the storage
medium including processor executable instructions implementing a report generation module
include a natural language generator, the report generation module configured to:

receive a data set including quantitative and objective measurements of one or more
biological properties of a patient;

process the data set using the natural language generator to automatically provide a
natural language narrative including an objectively structured set of a plurality of findings
based on the quantitative and objective measurements; and

generate and display a report for the patient, the report including the natural language

narrative.

2. The system of claim 1, wherein the generated report is configured to correlate each of
the plurality of findings in the natural language narrative with a specific quantitative data

subset supporting that finding.

3. The system of claim 2, wherein the generated report further includes a user interface
configured to enable a user to selectively view the specific quantitative data subset correlated

with each of the findings in the natural language narrative.

4. The system of claim 1, wherein the data set includes a hierarchical data structure
including one or more qualitative pathological features which are determined based on the

quantitative and objective measurements of the one or more biological properties.

5. The system of claim 4, wherein the natural language narrative includes an objective
natural language interpretation of both the quantitative and objective measurements and the

qualitative pathological features.

6. The system of claim 5, wherein the qualitative pathological features include phenotype

classification for a pathology.
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7. The system of claim 4, wherein the hierarchical data structure further includes one or

more predictive outcomes for a pathology.

8. The system of claim 7, wherein the natural language narrative includes an objective

natural language interpretation of the one or more predictive outcomes for the pathology.

0. A system comprising a processor and a non-transient storage medium, the storage
medium including processor executable instructions implementing a report generation
module, the report generation module configured to:

receive a data set including quantitative and objective measurements of one or more
biological properties of a patient; and

use an ontological data model including a taxonomic hierarchy of biomedical concepts
related to a domain of biological properties to analyze the data set and generate and display a

report for the patient based on ontology from the ontological data model.

10. The system of claim 9, wherein the report includes longitudinal trend analysis based

on ontology from ontological data model.

11. The system of claim 10, wherein longitudinal trend analysis includes using pre-
computed data points and information for a trend from older data sets to reduce processing

time.

12. The system of claim 9, wherein the report utilizes pre-computed data points and

information from older data sets to reduce processing time.

13.  The system of claim 9, wherein the ontological data model includes semantic

relationships between biomedical concepts.

14. The system of claim 9, wherein the quantitative and objective measurements include

imaging data.

15. The system of claim 9, wherein the taxonomic hierarchy of biomedical concepts

includes a hierarchical characterization of a target anatomical site.

36



10

15

20

25

30

WO 2019/033098 PCT/US2018/046483

16.  The system of claim 15, wherein the hierarchical characterization of the target
anatomical site includes characterization of a vessel, a vessel segment, and a segment cross-

section.

17.  The system of claim 16, wherein the hierarchical characterization of the target

anatomical site further includes a characterization of an anatomic region for the vessel.

18.  The system of claim 9, wherein the ontological data model includes defines
relationships between qualitative pathological features and quantitative and objective

measurements of one or more biological properties.

19. The system of claim 18, wherein the report includes one or more qualitative
pathological features for the patient which are automatically and objectively determined based

on the ontological data model.

20. The system of claim 19, wherein the one or more qualitative pathological features

include phenotype classification for a pathology.

21. The system of claim 19, wherein the one or more qualitative pathological features

provide for computer aided detection of a pathology.

22, The system of claim 9, wherein the system includes a client server architecture,
wherein the server is configured to receive a request from a client whereby such request

triggers the generation of the report.

23. The system of claim 22, wherein the server is configured to work ahead and pre-
compute available report information prior to receiving a client request to reduce processing

time.
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FIG. 14
Date of Birth; Nona
Age at Encounter:
MRN@@@QGG Doe, John  May 5, 2015 %fepe%%r?%‘a?grgr arrféMdf*ﬁl BuciBnak

ndication ueﬁ carofid
Carofid Artery Stenosis (CAS) ANk
Procedura

acquisionDatefime; 20150505 10:46:06

mAgislice Thicknass/Vp; 271,045, 120

make/modeh SIEMENS SOMATOM Definition AS A

modaliy/conirastAgent/anaiomy, CT, APPLIED, HEAD .
N\

Findings NN N

The right carofid presents with J6.4mm long atheromatous placue cenered 5.0mm Fom te origi of the ICA The &
atheromatous piague has severe remodeling and & lerge Ipd core. The lesion i fikely type Vi howener could be type V.

The right carofid presents with 1.5mmt long atheromaious plague cantered 14.4mm Fom the origin of the ICA. The atheromatous
plaque has remodaling and a fipid core. The lesion is fikely fype Vor type V.

The lef: carotid presents with 2.5mm fong atheromaious plague centered 9.5mm distal from the origin, The calefied atheromatous
plaque has severe wall thickening and a lipid core. The lesion is fkety type V or ype VL

The 1ef carold presents wih 27.0mm long atheromalous plague centered 28mm from the origi of the ICA. The h\g Ty dilated Fighty
calcified alheromatous plagus has severe remodsling and a large fipid core. The iesv‘n is Beely type V o fype VI,

These findings confer a
i0 the Book model, a decrease of 33%
These findings confer a 22% likelhood of the patient experiencing an ischemic stroke or TIA according
to the Neuro model, a decrease of 36% relative to 2012-01-11 11:26:28.

Right Carofid (Right Carofid) ool 20
. § = = CommenCarotidArtery
Mol —  1Gl» 10 " Inlemal CarofidArtery
WoSienss— | 5> — LRNCArea
L U B . ™~ CALCArea
e e | g v <~ -7 WMATXAves
> (- - WalAea
- It ; it ’ s
// 10), mo C.’ Q ’
N Ao X
s I o)
?C;’ A : li “
o 0 50 0 0 2 4 0 2{) 40 ,60 8
Stenosis (%) Wall Thickness (mm) Area (mrr'? )
RightCarotid (RigntCarotid) IntsmaiCarotidArtery 1 5 mm { {MaxLRNC} (MaxMATX)
Structure Composition
lurnenAndWallArea 16 mme | | CALCArag 278 mm}E
LumnenArea 20 mme | CALCAreaFop | 0.03
MaxWallThickress  [5.26 mm | |LRNCAres 24 mme
FiagueBurdenAreaRaiio)).75 LRNCAreaProp | 0.27
RemodelingRatic 2.62 MATXArea 50 mme
StenosisByArea 0.00% 1{MATXAreaProp | 0.68
WallArea 87 mme
Impression

Ti*ese findings confer a 88% likelihood of the patient experiencing an ischemic stroke or TIA according
0 the Stroke model, an increase of 45% relative to 2012-01-11 11.26.28.
57% likelihood of the patient experiencing an ischemic stroke or TIA according

relative to 2012-01-11 11:26:28.
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