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Abstract

Quantitative imaging (QI) is increasingly applied in modern radiology practice, assisting in the 

clinical assessment of many patients and providing a source of biomarkers for a spectrum of 

diseases. QI is commonly used to inform patient diagnosis or prognosis, determine the choice of 

therapy, or monitor therapy response. Because most radiologists will likely implement some QI 

tools to meet the patient care needs of their referring clinicians, it is important for all radiologists 

to become familiar with the strengths and limitations of QI. The Association of University 

Radiologists Radiology Research Alliance Quantitative Imaging Task Force has explored the 

clinical application of QI and summarizes its work in this review. We provide an overview of the 

clinical use of QI by discussing QI tools that are currently employed in clinical practice, clinical 

applications of these tools, approaches to reporting of QI, and challenges to implementing QI. It is 

hoped that these insights will help radiologists recognize the tangible benefits of QI to their 

patients, their referring clinicians, and their own radiology practice.
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INTRODUCTION

Quantitative imaging (QI) is becoming an increasingly common tool in modern radiology 

practice, advancing from research trials to clinical reading rooms. Today, methods that 

quantify imaging features assist in the clinical assessment of many patients, serving as 

biomarkers for disease states as diverse as brain ischemia, interstitial lung disease, and 

colorectal cancer. Because the potential impact of QI on patient care and on clinical 

outcomes is so great, the Radiological Society of North America has committed 

considerable resources to standardizing QI, most recently with the Quantitative Imaging 

Biomarkers Alliance (QIBA). The Association of University Radiologists' leadership, QIBA 

participants, and many others in the radiology community view QI as important to the future 

of radiology. Because it is anticipated that most practicing radiologists will eventually 

implement some QI tools to meet the specific patient care needs of their referring clinicians, 

it is important for radiologists of all subspecialties and practice types to become familiar 

with the various strengths and limitations of QI.

What is Quantitative Imaging? According to QIBA(1):

“Quantitative imaging is the extraction of quantifiable features from medical 

images for the assessment of normal or the severity, degree of change, or status of a 

disease, injury, or chronic condition relative to normal. Quantitative imaging 
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includes the development, standardization, and optimization of anatomical, 

functional, and molecular imaging acquisition protocols, data analyses, display 

methods, and reporting structures. These features permit the validation of 

accurately and precisely obtained image-derived metrics with anatomically and 

physiologically relevant parameters, including treatment response and outcome, 

and the use of such metrics in research and patient care.”

While this definition is comprehensive, several practical aspects of QI must be highlighted: 

accuracy, precision, and clinical validity. When performing measurements, we must be 

certain that what we are measuring has a clinical correlate, a reference standard against 

which our measurement has been derived. In this regard, the accuracy of a measurement 

describes how close the measurement is to a correct answer and thus indicates whether our 

QI measurement fundamentally “works.” Precision is also important, particularly given the 

role of QI in performing serial evaluation over time. A useful QI metric should provide the 

same value when measured in the same way multiple times. Precision (repeatability and 

reproducibility) allows us to discriminate measurement error from biologic change. Finally, 

QI tools that demonstrate good accuracy and reliability must ultimately have clinical 

validity; the results must be relevant to our practice, impacting patient care and improving 

outcomes.

QI has the greatest impact on patient care when the results help to: (1) inform the diagnosis 

or prognosis of a particular disease; (2) determine the choice of a particular therapy; or (3) 

monitor the course of therapy. To make the diagnosis using QI, a general consensus of 

normal versus abnormal QI values must be established. Similarly, monitoring the response 

to therapy with QI requires consensus on the amount of change that is considered both 

statistically and clinically significant. This paper will present an overview of the clinical use 

of QI by presenting QI tools that are currently used in clinical practice, clinical applications 

of these tools, approaches to reporting that add value to clinical care, and challenges to 

implementing QI in a clinical radiology practice.

TOOLS FOR PERFORMING QUANTITATIVE IMAGING

Image Acquisition

QI currently has important clinical applications in ultrasound, computerized tomography 

(CT), magnetic resonance imaging (MRI), and nuclear medicine, including position 

emission tomography (PET), although theoretically can be applied to any digital imaging 

modality. QI is enhanced by volumetric data sets, which facilitate assessments of 

morphological, parametric, functional, and other quantitative features.

Ultrasound—Gray-scale ultrasound images are commonly used to obtain size and distance 

measures, providing the basis for diagnosis in much of obstetric and cardiac imaging. 

Doppler ultrasound, in which altered frequency of the reflected sound waves provides 

measurements of flow velocity, has been used for quantitative characterization of vascular 

disease for decades (2). Flow velocities are routinely used in the diagnosis of vascular 

stenoses of the carotid and renal arteries, transplant vasculature, and vascular shunts (2, 3) 

(Figure 1). More sophisticated Doppler measures such as the intrarenal acceleration time and 

Rosenkrantz et al. Page 3

Acad Radiol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



resistive index are used in diagnosing renal artery stenosis (4). Technical optimization of 

Doppler including angle correction, gain, and gate position, is essential to avoid 

measurement errors (5).

CT—The standardization of CT pixel values with the Hounsfield Unit (HU) scale allows for 

characterization of tissue density, a common QI application (6). HU measures allow lesion 

characterization using region-of-interest (ROI) based measurement of average density or 

voxel-counting based on a threshold value (7). For instance, improved characterization of 

renal lesions is achieved using ROI measurements rather than subjective visual assessment 

(8).

Recently, the advent of dual-energy CT (DECT) scanners has bolstered the clinical role of 

QI, as the differential absorption of x-rays by tissues of differing chemical composition at 

different energies allows for improved characterization of tissues (9) (Figure 2). For 

instance, DECT has greater accuracy than standard single-energy CT in determining the 

composition of renal calculi (10). This distinction helps determine whether a patient is 

treated medically or with an invasive procedure such as extracorporeal shockwave 

lithotripsy.

MRI—Given its ability to interrogate various properties of tissues using specific pulse 

sequences and various vascular and tissue-specific contrast agents, MRI is ideally suited for 

QI (6). MR signal intensity (SI) units lack inherent meaning, being influenced by sequence 

parameters, as well as hardware and software selection. However, some advanced MRI 

sequences and post-processing techniques allow for the computation of parametric maps in 

which the pixel values are used for diagnosis. For example, imaging the liver using varying 

echo times (TEs) allows for computation of the tissue T2* relaxation time, used as a marker 

of the presence and severity of hepatic deposition (11) (Figure 3). Diffusion-weighted (DW) 

MRI using a rapid echo-planar sequence with motion-probing gradients of varying strength, 

as reflected by the b-value, allows for computation of the apparent diffusion coefficient 

(ADC) of tissue (12). Lower ADC values occur in more cellular tissues and serve as markers 

for the presence and aggressiveness of tumors, such as prostate cancer (12, 13). Diffusion-

tensor imaging (DTI) is an extension of DW-imaging that provides quantification of white 

matter tracts to guide surgery for brain tumors, allowing for better definition of surrounding 

neural pathways and improving functional outcomes (14). MRI spectroscopy provides 

information regarding the presence and concentration of chemicals in an ROI, such as brain 

metabolites that show characteristic alterations in conditions including Alzheimer's disease, 

infection, tumor, and radiation therapy (15). In addition, rapid MRI techniques, including 

real-time “segmented” sequences and velocity-encoded phase-contrast imaging, are used in 

cardiac imaging to calculate stroke volume and cardiac output (16).

Dynamic Contrast-Enhanced Imaging—Dynamic contrast-enhanced CT or MRI is 

often used to improve tissue characterization. Rapid contrast administration and imaging the 

same region at multiple time-points allows a comparison of pixel values between pre- and 

post-contrast images and assessment of the rate and pattern of enhancement or washout over 

time. For example, after contrast administration, an increase in pixel values for a renal lesion 

of at least 20 HU on CT or of at least 15% on MRI indicates a solid lesion (17, 18). 
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Obtaining a larger number of post-contrast time-points provides a more precise assessment 

of the temporal kinetics of contrast passage through a tissue. Although a lack of ionizing 

radiation with MRI generally allows acquisition of more time-points than with CT, the non-

linear relationship between tissue gadolinium concentration and MRI signal intensity 

complicates the computation of kinetic parameters (19). Various approaches to post-

processing and quantification of multi-phase post-contrast imaging are used. For example, 

time-activity curves are routinely applied for tumor detection in breast MRI (20), while 

multi-compartment pharmacokinetic models provide quantitative metrics for evaluation of 

gliomas and other tumors (21).

General Nuclear Medicine and PET—Many general nuclear medicine examinations 

include dynamic acquisition and count-based regional detection of radiopharmaceutical to 

quantify the physiology of an organ. For example, left ventricular ejection fraction, gastric 

emptying, and individual renal function may be computed using technitium99m labeled red 

blood cells, sulfur colloid, and MAG3, respectively. PET is a powerful tool for evaluating 

tissue metabolism, most commonly using the glucose analog 18F-fluoro-deoxyglucose 

(FDG) (22). The standardized uptake value (SUV) represents the concentration of 

radioactivity within a tissue, normalized by dividing it by the ratio between the decay-

corrected injected radioactivity and the patient's body weight, lean body mass, or surface 

area (23, 24). SUVs are used to determine the likelihood of malignancy of lesions as well as 

to predict tumor aggressiveness and treatment response (25, 26). For example, in 

gastrointestinal stromal tumors, a reduction in SUV is a better measure of treatment 

response than a decrease in lesion size (27). New PET-based parameters such as metabolic 

tumor volume (MTV), total lesion glycolysis (TLG), and heterogeneity index, are also being 

applied in clinical decision making; for instance, these metrics have been used to distinguish 

human papillomavirus (HPV)-positive and HPV-negative primary oropharyngeal squamous 

cell carcinoma (28).

Quality Assurance

In an effort to standardize acquisition and improve reproducibility of QI metrics, expert 

panels have provided recommendations regarding acquisition techniques (6). Standardized 

protocols and attention to both hardware and software are important (6, 29, 30). With MRI, 

sequence parameters as well as coil selection and positioning have a major impact on 

quantitative measurements. In nuclear medicine, many examinations require standardized 

conditions and patient-specific adjustment, including monitoring of serum glucose and 

ensuring a period of fasting prior to the study, in addition to daily equipment calibration 

using a phantom. With CT, the kernel, slice thickness, and artifacts alter regional and overall 

HU. The ACR accreditation process and most vendor recommendations require scanners to 

undergo daily calibration and regular quality assurance with a phantom to validate HU 

accuracy. Image quality must be balanced with radiation dose reduction and monitoring 

(31). Consistent calibration and acquisition protocols do not assure that results from 

different devices will be equivalent. Nonetheless, most QI tools are designed to be valid for 

specific modalities within a defined range of acquisition parameters.
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The importance of standardized acquisition parameters is evident when using CT to monitor 

serial changes in tumor volume. Differences in volume-averaging effects, segmentation, and 

density characteristics may impact volume calculations. Serial CT acquisitions should use 

similar contrast agent dose and injection rate, consistent positioning of the patient, 

comparable breath-holding instructions, the same scanner platform, and equivalent or 

comparable acquisition and reconstruction parameters (32). When adhering to these 

recommendations, data suggest that a change of over 30% in tumor volume provides at least 

95% probability that there is a true change (32). Similarly, when using DCE-MRI to monitor 

and predict treatment response of solid tumors at least 2 cm in size, standardized acquisition 

parameters allow for a reliable quantitative assessment of the Ktrans of the tumor. 

Specifically, a change of approximately 40% in Ktrans is considered to represent a significant 

change (33). Repeatability of QI metrics is well established for PET and is generally in the 

range of 15–20% when following standardized protocols (34, 35).

Lesion Measurement

Although the size of structures is often reported using diameters, for many clinical 

applications, including evaluation of tumors, size is better represented in terms of volumes 

(36). This approach provides a more accurate representation of the size of a lesion with an 

irregular shape or contour and in which a change in diameter may not reflect a change in 

volume (29, 37). There are many approaches for determining lesion volume. One approach 

is to estimate the volume using the prorate ellipsoid formula based on a single measurement 

in all three dimensions (38). Although straightforward, this formula may be less accurate if 

the lesion's shape deviates substantially from a sphere. Planimetry is a more reliable, yet 

more time-consuming, method for measuring volume in which the edge of the structure is 

traced on all image slices and cross-sectional areas are summed and multiplied by the slice 

thickness (39) (40). Finally, specialized software may be used to recognize the edges of 

structures, for example using threshold-based, connected components, or region-growing 

algorithms, to segment an organ or lesion and thereby automate determination of volumes 

(41), for instance in evaluating tumor metabolic volume using PET (42).

In addition to measuring the size of a structure, QI often includes measurement of the value 

of the numerous voxels comprising a lesion. The voxels within a segmented area comprise a 

ROI, and an overall value representing the distribution or features of voxel values within the 

ROI can be determined (30). The mean value of the ROI (which may represent HU, SUV, 

ADC, flow velocities or many other imaging-based measures) or distribution of voxel values 

within the ROI including the minimum, median, and maximal values may all have distinct 

clinical applications. For example, both the minimum ADC (43) value and the maximum 

SUV (44) may help characterize brain tumors. The pixel values within the ROI may also be 

weighted to produce a volume- and character-based score, such as done for coronary 

calcium scoring (45).

For some clinical applications, a probabilistic measure that reflects a combination of 

numerous imaging parameters is more relevant than a single parameter (46) and is especially 

useful for standardizing the reporting of findings that are based on complex multi-parametric 

evaluation. For example, the Breast Imaging Reporting and Data Systems (BI-RADS) 
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provides a standardized grading scheme that incorporates various mammographic findings, 

including the shape, size, margins, density, and others to distinguish benign and malignant 

lesions (47).

CLINICAL APPLICATIONS OF QUANTITATIVE IMAGING

In this section, we discuss select clinical applications of QI based on different organ 

systems. Representative examples are also presented in Table 1.

Abdominal Imaging, including Oncologic Imaging

One of the most commonly used QI techniques in abdominal imaging is image-derived 

tumor measurements to monitor disease progression and therapy response (48) (Figure 4). 

QI results predict drug efficacy and alter timing or type of treatment (49, 50). In some 

settings, there is a need to summarize properties of multiple lesions across multiple organs 

over time to monitor overall tumor burden. The Response Evaluation Criteria in Solid 

Tumors (RECIST) is one commonly used approach for monitoring response of metastatic 

lesions to drug therapies, taking into account the number and size of lesions (51). RECIST 

criteria require baseline documentation of target and non-target lesions, providing a sum of 

diameters of all target lesions. On follow-up imaging, the disease burden is categorized as a 

complete response, a partial response, progressive disease, or stable disease, based mainly 

on the sum of diameters of target lesions (51). Despite the enthusiasm for RECIST among 

oncologists, its potential for accurately determining tumor response is limited by its reliance 

on lesion diameters. A more complete assessment of tumor response may require combining 

changes in lesion size with other quantitative and molecular imaging markers (Figure 5, 6). 

The recently proposed Choi criteria take into account both the size and CT attenuation of 

lesions and provide a better assessment of treatment response of metastatic gastrointestinal 

stromal tumors (52) and renal cell carcinoma (53) than RECIST criteria. Various other 

response criteria, such as European Organisation for Research and Treatment of Cancer 

(EORTC), PET Response Criteria in Solid Tumors (PERCIST), and Deauville criteria, have 

been developed for PET (54, 55). For example, Deauville PET criteria are incorporated into 

the National Comprehensive Cancer Network (NCCN) guidelines for management of 

Hodgkin's lymphoma (55).

QI is commonly used in evaluating incidental adrenal nodules, helping differentiate benign 

from potentially malignant adrenal nodules that require further work-up. On a non-contrast 

CT, an adrenal nodule HU measurement of <10 has nearly 100% specificity for a lipid rich 

benign adrenal adenoma (56) (Figure 7). However, if the HU measurement is greater, further 

characterization may be warranted, usually with in-and-opposed-phase MRI or adrenal 

wash-out protocol CT (57). The CT adrenal washout protocol includes acquisition of 

multiple phases to allow calculation of either the absolute or relative washout ratios (58) 

(Figure 8). For adrenal lesions that remain indeterminate, using a combination of CT and 

PET criteria has been shown to achieve 99% accuracy in characterization (59).

QI is also used in oncologic imaging for determining response to therapy by evaluating 

lesion attenuation or contrast enhancement before and after treatment. With therapy, some 

tumors do not decrease in size but instead show a decrease in vascularity or density that 
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indicates tumor necrosis (Figure 9). For example, certain types of gastrointestinal stromal 

tumors show a decrease in density on CT but do not generally regress in volume following 

therapy (60). Similarly, the main goal of locoregional therapy for hepatocellular carcinoma 

(HCC) is necrosis of the tumor as opposed to tumor shrinkage (61), which is assessed by 

changes in enhancement characteristics on dynamic post-contrast CT and MRI (62). Finally, 

histogram assessment of a whole-lesion or whole-disease burden ROI avoids the sampling 

error of a partial-lesion ROI and better reflects lesion texture and heterogeneity. Metrics 

derived from this approach, such as skewness and kurtosis, have been applied for monitoring 

treatment response to various malignancies, including metastatic ovarian and primary 

peritoneal cancer(63).

Neuroimaging

QI has an essential role in improving clinical management and outcome of acute ischemic 

stroke (64). Quantitative analysis of blood flow (i.e., perfusion) to ischemic tissue provides 

essential information for treatment planning. Perfusion imaging is performed using single-

photon emission computed tomography (SPECT), CT, and MRI (particularly DWI). 

Perfusion imaging helps evaluate tissue viability and reversibility of ischemia, and can 

predict the outcome of treatment (65) (Figure 10). While SPECT can only measure cerebral 

blood flow (CBF), CT perfusion has the advantage of also measuring cerebral blood volume 

(CBV) and mean transit time (MTT). CBV and CBF can be used together to identify acute 

ischemic stroke patients with large areas of ischemic penumbra who may benefit from 

thrombolytic therapy (65, 66). Furthermore, quantitative criteria derived from CT or MR 

perfusion are being incorporated into guidelines for determining stroke patients eligible for 

an extended window for thrombolysis(67). In acute stroke, advantages of CT perfusion over 

MRI with DWI include lower cost, higher availability, ease of patient monitoring, increased 

imaging speed, and the ability to acquire dynamic and angiographic images simultaneously 

(64, 68–70).

QI is also used in the evaluation of brain tumors, particularly in differentiating low from 

high grade gliomas. While standard CT and MRI provide anatomical characterization of 

gliomas, tumor grade, treatment effects, and recurrence are not reliably distinguished. This 

is achieved in PET with the use of FDG for glucose metabolism and C-11 methionine 

(MET) for amino acid transportation (71). Quantitative analysis with PET and MR 

spectroscopy are used for grading of tumors and estimating prognosis, differentiating tumor 

recurrence from post-radiation necrosis, evaluating treatment response, and defining a target 

volume for radiation therapy. SUV values from PET help distinguish high-grade and low-

grade gliomas (72, 73). Patients with higher grade gliomas show ratios of tumor to 

contralateral normal brain glucose utilization at 1.4:1 or greater, which is associated with 

decreased median survival compared with lower metabolite ratios (72). On CT, higher grade 

gliomas also exhibit greater CBV and other perfusion metrics (74).

Functional MRI (fMRI) based on blood-oxygen level dependent (BOLD) imaging, provides 

maps correlating specific regions in the brain with language, motor function, and other tasks. 

In patients with brain tumors undergoing surgical evaluation, the proximity of such regions 

to the tumor impacts determination of the surgical risk, selection between surgery and other 
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treatments, and, in those patients who ultimately do undergo resection, planning of the 

surgical approach(75, 76).

Cardiac Imaging

The multi-gated acquisition (MUGA) scan is a commonly used QI tool in nuclear medicine 

that evaluates cardiac ventricular function. MUGA scans provide a cine image of the beating 

heart, from which mathematical models determine the left ventricular ejection fraction 

(LVEF) (77), used to diagnose congestive heart failure, to evaluate patients on cardiotoxic 

chemotherapeutic agents, and to assess patients with valvular disease or prior cardiac 

angioplasty bypass, or transplant. A normal LVEF is greater than 50, without abnormal wall 

motion (78). In patients receiving adriamycin, a subtle reduction in LVEF from the pre-

treatment value can indicate subclinical cardiac toxicity and lead to discontinuing the drug in 

order to avoid cardiotoxicity (79).

Gated CT and MRI provide a comprehensive anatomic and physiologic cardiac assessment, 

including not only cardiac volumes and wall thickness, but also cardiac function, wall stress, 

and myocardial perfusion (80). Such QI results are used in managing patients with 

congenital cardiac anomalies, myocardial infarction, and congestive heart failure. In 

addition, coronary artery calcium scoring using non-contrast CT is commonly used as a 

screening study for coronary artery disease in patients with cardiac risk factors (81). Finally, 

anatomic information regarding sizes and relationships of vessels obtained from CT or MR 

angiography, in combination with flow information from Doppler ultrasound and advanced 

MRI sequences for flow quantification, provide useful information in surgical planning for 

vascular procedures, such as endovascular aneurysm repair and transcatheter aortic valve 

replacement (82).

Musculoskeletal Imaging

MRI is widely used in the clinical management of osteoarthritis (83). MRI allows 

quantitative measurements of articular cartilage, subchondral bone, menisci, ligaments, and 

synovium (84–86). In particular, measurements of articular cartilage thickness, volume, and 

surface area, help predict disease progression and guide treatment selection (87).

QI is also used in bone marrow evaluation. Compared with conventional T1 and T2 

weighted MRI, quantitative chemical shift MRI helps distinguish and measure fat and water 

content to permit a more quantitative assessment of bone marrow composition (88, 89). This 

more accurately assesses post-treatment changes in patients with bone marrow infiltrating 

disorders and guides selection of patients for bone marrow transplantation in leukemia (90).

Obstetric Imaging

Fetal ultrasound imaging is used to evaluate intrauterine growth abnormalities. Various 

measurements are obtained, including head circumference (HC), biparietal diameter (BPD), 

abdominal circumference (AC) and femur length (FL) (91, 92) (Figure 11). These values are 

entered into a biometric calculator, examples of which are available on-line (93) as well as 

on the ultrasound console, from which an estimated fetal weight (EFW) and growth 

percentages are determined. Evaluation of the EFW and percentages with respect to the 
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patient's prior ultrasound and last menstrual period allows for the determination of 

intrauterine growth restriction (IUGR). In patients with suspected IUGR, presence of both 

EFW and AC less than the tenth percentile is associated with poor peripartum outcome (94). 

Based on fetal ultrasound findings, some patients are placed in a special follow-up category, 

which may consist of weekly Doppler ultrasound and follow-up growth evaluation in order 

to determine the need for bed rest and early fetal delivery to prevent fetal complications.

REPORTING OF QUANTITATIVE IMAGING STUDIES

With traditional qualitative reporting, subjectivity, variable descriptive language, reliance on 

a combination of experience, expertise, and opinion, and limitations inherent to human 

visual perception, all result in high variability between radiologists (95–97). Quantitative 

reporting of disease processes may help overcome such limitations.

While radiologists already evaluate some quantitative metrics during image interpretation, it 

is important to incorporate these metrics into the report, as is common practice for SUV 

values in PET and BI-RADS in mammography. At present, reporting of quantitative 

measures is not consistent. For example, in Doppler ultrasound, velocities and secondary-

derived metrics are usually obtained and viewed by the radiologist, but are often not 

included in the report. Likewise, with CT, the radiologist may not report a HU measurement 

used to arrive at the correct diagnosis. Such lack of reporting may lead to additional 

unnecessary testing. For instance, when describing a homogeneous hyperdense renal lesion 

on a non-contrast CT, a HU measurement of the lesion over 70 should be included in the 

report to substantiate a diagnosis of a hemorrhagic/proteinaceous renal cyst (98), rather than 

a renal neoplasm, thus avoiding further imaging.

Standard qualitative reports are readily available as text from the radiology information 

system (RIS) and electronic medical record (EMR). In comparison, current clinical QI 

reporting applications tend to be modality, anatomy, disease, or parameter specific (Figure 

12–14). As such, they may comprise a stand-alone software package, an individual function 

within a suite of image post-processing tools, or software integrated into an imaging 

modality itself. Given the multitude of vendors, modalities, organ systems, and applications 

available for QI, the format of the output is variable. Unfortunately, the evaluation of the 

same data by different systems may yield different results, not only due to distinct 

algorithms and processing strategies, but also due to variations in the visualization scheme 

and techniques utilized to export the numerical results from the application. For example, 

different software applications for quantitative evaluation of a coronary calcium score may 

use different thresholds for detection or formulae for calculation of volume based on the 

density of the pixels, resulting in slightly different scores. Such differences in generating the 

output of different software may only be apparent within the viewer itself, and not apparent 

when viewing output that is exported in the form of a text report, numerical spreadsheet, 

Extensible Markup Language (XML) document, or screen capture.

Comparison of quantitative results between different software packages or evaluation of 

results over time can be difficult. How QI results are stored in the medical record and how 

those are either recalled or historical data is reprocessed for comparison purposes is a non-
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trivial problem. Many image processing solutions maintain a proprietary database to assure 

that the original numerical data is stored for reference and temporal comparison purposes or 

provide for analysis of more than one dataset at a time (such as a pulmonary nodule 

volumetric analysis tool that might determine doubling time). How the numerical results are 

archived and distributed for clinical consumption external to the processing system is 

variable.

The Digital Imaging and Communications in Medicine (DICOM) standard accommodates 

both storage of numerical data within the schema of a `Structured Report' (DICOM SR) as 

well as storage of proprietary data within custom fields in the DICOM header information of 

an image. Compared to current approaches for visualization of numerical data (i.e., simple 

screen capture of text annotations, numerical tables, or colored region-of-interest overlays of 

anatomic image data by physiologic parametric data) this approach is promising. 

Unfortunately, many modern PACS, RIS, and EMR systems cannot store or display the 

content of a DICOM SR object. Similarly, the reporting tools available for radiologists are 

often not capable of automatically incorporating data from a DICOM SR, XML or other 

`standard' quantitative results. Thus, reporting of QI data in a manner that is fully integrated 

into clinical workflow remains a challenge.

CHALLENGES TO QUANTITATIVE IMAGING IN CLINICAL PRACTICE

Since QI often provides information that can be difficult to assess through qualitative visual 

interrogation, it is somewhat surprising that there is a significant resistance in adopting QI in 

routine clinical care (99). We review various obstacles that hinder wider acceptance of QI in 

clinical practice.

Radiologists

Although some aspects of QI may be automated or semi-automated, the additional 

processing of sophisticated dynamic, multimodality fusion, or parametric analysis 

techniques requires significantly more time, effort, and expertise from radiologists compared 

to qualitative interpretation (100). Radiologists doing QI spend considerable time validating 

automated or semi-automated results, often using specialized software, which requires 

education of technologists and implementation of a quality assurance plan, creating burden 

for the radiologist. With increasing emphasis on productivity, time spent performing QI may 

be considered financially unrewarding. There are also practical hurdles to incorporation of 

QI results presented in tabular or graphical forms into radiology reporting workflows. 

Additional technical limitations relate to storing QI results in existing radiology systems, 

retrieving historical results, utilizing QI applications on serial exams, and distributing QI 

results to the EMR in a way that clinicians can access.

There is also concern that QI methods may not be validated or may provide misleading 

results to clinicians. For example, automated detection marks generated by breast or lung 

nodule CAD tools, although generally helpful for interpretation, are often incorrect and 

prone to misinterpretation by someone lacking experience in the tool's sensitivity, 

specificity, and overall limitations (101). Some of the skepticism in QI arises from a lack of 

sound guidelines or evidence regarding validity of currently available QI methods. For 
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instance, the use of QI in monitoring response to molecularly targeted therapies in patients 

with advanced renal cell carcinoma is controversial. Although RECIST and revised RECIST 

criteria are widely used, RECIST criteria alone may result in significant underestimation of 

early treatment response (102, 103). This is especially true for molecular targeted therapies 

that decrease tumor vascularity, causing tumor necrosis, without significant change in tumor 

size. To address this issue, newer criteria such as CHOI criteria, modified Choi criteria, 

SACT criteria, and MASS criteria have been proposed (53, 104–106). The lack of clear 

guidelines leads to confusion among radiologists as to which QI method is most appropriate 

for a given disease process.

Given these factors, it is understandable that there is some antipathy among radiologists 

towards QI (107). To overcome some of the challenges, it is essential to increase awareness 

of the impact of QI on patient management. As molecular medicine is making it clear that 

many disease processes have individual molecular signatures, appropriate patient 

management will increasingly depend on radiologists' ability to provide information not just 

on morphology, but also on biochemical and physiological changes. In order to make these 

tests clinically meaningful and ultimately benefit patients, radiological interpretations will 

need to incorporate QI.

Patients

Patients may be reluctant to undergo QI examinations because of additional time required 

for some functional tests (100) or, in some circumstances, because of additional expense 

associated with the post-processing needed to produce QI results. Similarly, multi-phase or 

dual-energy CT examinations may require additional radiation exposure that may be less 

desirable to the patient. The value of QI and advanced image analysis may be difficult to 

explain to a patient given the availability of multiple tests that provide similar, albeit 

distinctly different, results. For example, a pulmonary function test may be used to assess 

global pulmonary function in COPD, cystic fibrosis or interstitial lung disease. However, QI 

metrics provide pulmonary parenchymal, vascular, and airway analysis that is more disease-

specific and helps direct specific therapy. With emphysema, semi-quantitative visual or 

threshold-based density assessment of the lungs using QI can help determine whether 

medical therapy, lung volume reduction surgery, or transplantation is likely to be most 

efficacious (108, 109). Nonetheless, convincing a patient that these QI results are valuable 

can be challenging.

Clinicians

Oncologists are usually receptive to using QI methods to help patient selection for clinical 

trials involving costly targeted therapies and in early identification of responders versus non-

responders. Drugs can be stopped in the non-responders, thereby avoiding unnecessary and 

potentially serious adverse effects and allowing for alternative therapies (110).

Nonetheless, clinicians have reservations regarding the use of QI. Inter- and intraobserver 

reader variability in QI is well recognized (97, 111). Advances in informatics and computer 

algorithms will hopefully minimizing this variability. But measurement variance also 

depends on patients (112, 113). For instance, seemingly minor deviations in patient 
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preparation such as fasting status may result in considerable variability in SUV 

measurements. Non-avoidable factors relate to inherent changes in patient physiology that 

can cause variance in measurement in functional imaging tests (100, 113). Similarly, 

numerous factors in image generation, such as differences in imaging equipment or the 

imaging protocol, can cause errors in measured values (114).

Another important pitfall of interpreting QI studies is overconfidence in the results by both 

the referring clinician and the radiologist (115). Referring clinicians often assume that 

quantitative results are accurate. They base their clinical decisions on numbers which may 

be inaccurate for any number of reasons, including: The test was performed incorrectly; the 

lesion is so small that the numbers provided are inaccurate; there is high inter-radiologist 

variation. Any of these sources of error lead to inappropriate therapy. For these reasons, a 

proper quality assurance program addressing acquisition protocols, consistent use of 

quantitative analysis tools, and standardized reporting methods, is an important part of any 

department that plans on incorporating QI into its clinical practice.

Manufacturers

To keep pace with rapid advances in molecular medicine, novel QI methods must be 

developed and validated by manufactures. Significant costs and time are needed for 

developing new technologies. In many cases, large clinical trials or retrospective analysis of 

clinical data are needed to show an acceptable level of accuracy, precision, and validity of a 

given QI method. For some manufacturers, various hurdles for obtaining regulatory 

clearance act as deterrents in development of novel QI tools (46, 116, 117).

CONCLUSION

Understanding which imaging modalities, organ systems, and disease processes are best 

served by quantitative imaging will help radiologists accept QI in everyday practice and 

referring clinicians to use QI to improve and standardize patient care. The adage, “any 

radiologist with a ruler is dangerous,” has been a part of our specialty's folklore for too long. 

The time has come to rewrite that folklore. In the new tale, Dan Sullivan's (46) aphorism, 

“as quantitative as reasonably achievable” will pave the way for improved radiology 

interpretation and reporting. We hope that radiologists will ultimately embrace the value of 

QI and incorporate quantitative results into their reports, energized by the tangible benefits 

to their patients, their referring clinicians, and their own practice.
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Figure 1. 
58-year-old man with concern for carotid artery stenosis. (A) Duplex ultrasound image 

shows spectral tracing obtained from the mid right internal carotid artery, with measurement 

of the corresponding peak systolic velocity and end-diastolic velocity. (B) Portion of 

corresponding radiology report providing findings relating to the right-sided carotid 

vasculature in tabular format. Based on the provided velocities, it was concluded that the 

degree of stenosis in the right internal carotid artery is <50%. This lack of hemodynamically 

significant stenosis, which could not be reliably determined based solely on subjective 

assessment of the appearance of the vessel, facilitates selection of non-operative 

management for the patient.
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Figure 2. 
Volume-rendered image of the hand and wrist from dual-energy CT evaluation in patient 

with gout, demonstrating use of annotated color-coded volume-rendering to display 

quantitative results. Pixels with dual-energy absorption characteristics of uric acid crystals 

are highlighted in green, and the total volume of such pixels is reported. The urate volume 

can be used as a marker of response to urate-lowering therapy. Parameters used to perform 

the analysis can be included in the screen capture to facilitate use of similar parameters 

during follow-up. The image can be captured from the analysis software and stored as a 

DICOM image as part of the study, along with the original source images.
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Figure 3. 
52-year-old man with a concern for hemochromatosis. (A) Images from a multi-echo T2*-

weighted gradient-echo MR acquisition of the liver obtained using echo times (TEs) of 2.0 

ms, 7.5 ms, and 23.8 ms. A total of eight different images, with TEs varying between 2.0 ms 

and 23.8 ms, were obtained. (B) Parametric T2* map was computed from the multi-echo 

images using a monoexponential fit. T2* values in the liver were in the range of 8–9 ms, 

consistent with moderate-to-severe hepatic iron deposition. Subjective assessment of multi-

echo images indicates the presence of iron, but is limited for determining the severity of iron 

deposition.
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Figure 4. 
68-year-old man with lung cancer. (A) Baseline CT image allows determination of lesion 

volume before treatment (1.5 × 1.7cm). (B) CT image three months later, after 
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chemotherapy, shows increase in size (2.3 × 2.8cm). These lesion measurements met criteria 

for progressive disease and resulted in an alteration of the patient's chemotherapy regimen.
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Figure 5. 
64-year-old woman with metastatic ovarian cancer. (A) Baseline CT and fused PET/CT 

images shows an anterior abdominal wall metastasis with marked increased metabolic 

activity [maximum standardized uptake value (SUVmax) 11.7]. (B) Follow-up CT and fused 

PET/CT images obtained after 3 months of treatment with paclitaxel shows similar size of 

the lesion, although there has been substantial interval decrease in metabolic activity 

(SUVmax 3.7). This interval decrease in SUV is consistent with response to therapy, which 

is not readily apparent based on evaluation of lesion size alone.
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Figure 6. 
63-year-old man with Pancoast tumor. (A) Axial CT and fused 18F-FDG PET/CT images 

demonstrate right apical lung mass with markedly increased metabolic activity; standardized 

uptake value (SUV) was 14.0 (B) Axial CT and fused PET/CT images obtained five months 

after radiation and chemotherapy show similar appearance of mass on CT, although SUV 

has substantially decreased, now measuring 3.9. (C) CT and fused PET/CT images 11 

months after treatment shows decreased size of mass on CT, although there is persistent 

pleural thickening. However, increased metabolic activity has resolved, with SUV now 

measuring 0.0. The decrease in SUV preceded an appreciable decrease in lesion size.
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Figure 7. 
62-year-old woman with metastatic breast cancer and a right adrenal nodule. Non-contrast 

CT image shows the nodule measures -8 Hounsfield units (HU). This measurement meets 

non-contrast CT criteria for the diagnosis of a benign adrenal adenoma, allowing for the 

lesion to be characterized as benign. Further evaluation, such as contrast-enhanced CT, 

MRI, PET, or biopsy, is therefore avoided.
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Figure 8. 
44-year-old woman undergoing evaluation of left adrenal mass detected on previous 

imaging. CT using an adrenal washout protocol was performed. Axial CT images show a 

density of 25 Hounsfield units (HU) in the unenhanced phase (A), not meeting criteria for a 

lipid-rich adenoma. However, the density was 83 HU in the portal venous phase (B) and 29 

HU in the 15-minute delayed phase (C), corresponding with an absolute wash-out ratio 

(AWR) of 93%. This AWR is greater than a threshold of 60%, indicating with high 

specificity that the lesion is a benign adenoma.
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Figure 9. 
68-year-old man with metastatic renal cell carcinoma. (A) Baseline CT image shows a 

cluster of metastatic lesions in the pancreatic tail with decreased attenuation centrally and a 

hypervascular rim. (B) Follow-up CT image after 3 months of treatment with pazopanib 

shows similar size of the lesions, although there is decreased attenuation of portions of the 

lesions compared with the baseline image. This interval decrease in attenuation indicates 

reduced vascularity due to response to the anti-angiogenic therapy, which is not readily 

apparent based on evaluation of lesion size alone, and helps guide subsequent treatment 

decisions.
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Figure 10. 
64-year-old woman with right sided weakness. (A) Parametric map of cerebral blood flow 

(CBF) shows decreased CBF in the left middle cerebral artery territory. (B) Parametric map 

of cerebral blood volume (CBV) shows corresponding decreased CBV. (C) Parametric map 

of mean transit time (MTT) shows corresponding increased MTT. Prolonged MTT over 6 

seconds and reduced CBF of 10–15 ml/100g/min are consistent with infarction, indicating 

permanent damage to this vascular distribution. These measurements contributed to decision 

to not perform thrombolysis. The assessment of tissue viability was not reliably determined 

using conventional anatomic imaging alone.
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Figure 11. 
23-year-old pregnant woman undergoing fetal survey. (A) Ultrasound biometric 

measurements include biparietal diameter, head circumference, abdominal circumference, 

and femur length. (B) Tabular summary uses biometric measurements to provide an 

estimated fetal gestational age, which can be correlated to gestational age based on last 

menstrual period, as well as used to compute an estimated fetal weight and growth 

percentile. These data are used to diagnose fetuses with intrauterine growth restriction.
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Figure 12. 
Sample multimedia report generated for volumetric renal stone quantification assessment in 

a 40 year-old male with history of nephrolithiasis; report content has been de-identified. 

This report may be included in the EMR as a scanned document, PDF, screen capture image 

as part of the DICOM images for the study, or be printed for a paper medical record. The 

multimedia report generally contains selected images to highlight key findings. A separately 

generated text report is typically available in the radiology reporting system or associated 

with the multimedia report as a separate page.

Rosenkrantz et al. Page 34

Acad Radiol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 13. 
Sample advanced multimedia report for quantitative lung texture assessment from high-

resolution pulmonary CT in 67 year-old male with 110 pack-year smoking history who is a 

candidate for long volume reduction surgery (LVRS); report content has been de-identified. 

The pulmonary parenchymal evaluation is performed using CALIPER (Computer-Aided 

Lung Informatics for Pathology Evaluation and Rating), a CT-based technology developed 

at Mayo Clinic, that provides qualitative and quantitative assessment of different tissue types 

for diffuse parenchymal lung diseases based on lung density signatures and morphology. 

The quantitative analysis shows this patient has upper-lobe predominant disease, and 

therefore is a potential candidate for LVRS. A segmentation overview, with color overlay of 

the segmented CT data, is provided in the report. Quantitative results are represented in a 

summary chart, and colored graphs represent the extent and type of parenchymal 

classification. (Report courtesy of Imbio, LLC, Minneapolis MN.)
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Figure 14. 
CT-colonography image in which a pedunculated polyp is colored grey within a surface-

shaded rendering of the colon lumen. Polyp diameter and volume are presented as an 

overlay on the rendering. Case exhibits use of colored and/or annotated renderings to convey 

quantitative results. The image can be captured from the analysis software and stored as a 

DICOM image as part of the study, along with the original source images
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Table 1

Common Clinical Applications of Quantitative Imaging

Modality Measurement Clinical Application

Tissue Dimensions

 Static:

US, CT, MRI Tumor and nodal dimensions Tumor staging

MRI Articular cartilage thickness, 
volume and surface area

Osteo arthritis

US Fetal dimensions Fetal health

 Dynamic:

CT Tracheal dimensions Tracheomalacia

MRI Cardiac ventricular volumes and 
ejection fractures

Congestive heart failure, 
Coronary artery disease, 
Cardiomyopathy

Gated nuclear blood pool 
scintigraphy

Left ventricular volumes and 
ejection fraction

Congestive heart failure, 
Coronary artery disease

Dynamic hepatobiliary scintigraphy Gallbladder ejection fraction Chronic cholecystitis

Gastric emptying scintigraphy Gastric emptying time Gastroparesis

Tissue Characterization

Measurements of pixel 
values within ROI:

CT lipid content of adrenal lesions Differentiation of adenoma 
and metastasis

CT lung attenuation emphysema

Dynamic time-resolved ROI 
values:

CT Parenchymal perfusion Stroke

DCE MRI Tumor perfusion Tumor characterization

Chemical/metabolic:

DE CT Chemical composition Renal stones

DE CT Uric acid crystals Gout

CT Coronary Calcium Coronary artery disease

DW MRI ADC Values Tumor characterization

MR T2* mapping for liver iron Hemochromatosis

Chemical shift MRI Bone marrow composition Leukemia, lymphoma

MR Spectroscopy Neuro degenerative disorders

DXA BMD Osteoporosis
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Modality Measurement Clinical Application

Renal scintigraphy Split renal function Renal insufficiency

PET SUV Tumor characterization

PET SUV Cardiac perfusion

Thyroid scintigraphy radioactive iodine uptake Grave's disease

Vascular Flow US Flow velocity Stenosis

US Resistive index and acceleration 
time

Stenosis

MRI Phase-contrast flow quantification Stenosis

Combinations CT RECIST criteria Tumor response

CT Choi criteria Tumor response
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