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Digital imaging provides an effective means to electronically acquire, archive, distribute, and view
medical images. Medical imaging display stations are an integral part of these operations. There-
fore, it is vitally important to assure that electronic display devices do not compromise image
quality and ultimately patient care. The AAPM Task Group(T&18) recently published guide-

lines and acceptance criteria for acceptance testing and quality control of medical display devices.
This paper is an executive summary of the TG18 report. TG18 guidelines include visual, quantita-
tive, and advanced testing methodologies for primary and secondary class display devices. The
characteristics, tested in conjunction with specially designed test patiegnsTG18 patterns

include reflection, geometric distortion, luminance, the spatial and angular dependencies of lumi-
nance, resolution, noise, glare, chromaticity, and display artifacts. Geometric distortions are evalu-
ated by linear measurements of the TG18-QC test pattern, which should render distortion coeffi-
cients less than 2%/5% for primary/secondary displays, respectively. Reflection measurements
include specular and diffuse reflection coefficients from which the maximum allowable ambient
lighting is determined such that contrast degradation due to display reflection remains below a 20%
limit and the level of ambient luminandg ,,,) does not unduly compromise luminance rativ)

and contrast at low luminance levels. Luminance evaluation relies on visual assessment of low
contrast features in the TG18-CT and TG18-MP test patterns, or quantitative measurements at 18
distinct luminance levels of the TG18-LN test patterns. The major acceptable criteria for primary/
secondary displays are maximum luminance of greater than 170/10C ctRvof greater than
250/100, and contrast conformance to that of the grayscale standard display fUGSDR) of

better than 10%/20%, respectively. The angular response is tested to ascertain the viewing cone
within which contrast conformance to the GSDF is better than 30%/60% and LR is greater than
175/70 for primary/secondary displays, or alternatively, within which the on-axis contrast thresh-
olds of the TG18-CT test pattern remain discernible. The evaluation of luminance spatial uniformity
at two distinct luminance levels across the display faceplate using TG18-UNL test patterns should
yield nonuniformity coefficients smaller than 30%. The resolution evaluation includes the visual
scoring of the CX test target in the TG18-QC or TG18-CX test patterns, which should yield scores
greater than 4/6 for primary/secondary displays. Noise evaluation includes visual evaluation of the
contrast threshold in the TG18-AFC test pattern, which should yield a minimum of 3/2 targets
visible for primary/secondary displays. The guidelines also include methodologies for more quan-
titative resolution and noise measurements based on MTF and NPS analyses. The display glare test,
based on the visibility of the low-contrast targets of the TG18-GV test pattern or the measurement
of the glare ratidGR), is expected to yield scores greater than 3/1 and GRs greater than 400/150
for primary/secondary displays. Chromaticity, measured across a display faceplate or between two
display devices, is expected to rendar'a’ color separation of less than 0.01 for primary displays.

The report offers further descriptions of prior standardization efforts, current display technologies,
testing prerequisites, streamlined procedures and timelines, and TG18 test patte2885 @meri-

can Association of Physicists in Medicin®OI: 10.1118/1.1861159

Key words: medical display, liquid crystal display, cathode ray tube, image quality, quality
assurance, quality control, acceptance testing, picture archiving and communication (A&

I. INTRODUCTION assessment of electronic display devices falls within the pro-
fessional responsibilities of medical physicists. While many
The adoption of digital detectors and Picture Archiving andprior publications have addressed some aspect of medical
Communication System{®ACS has provided healthcare in- display performancg;*® prior evaluation and standardization
stitutions an effective means to electronically archive andefforts have fallen short of providing an unified approach for
retrieve radiological images. Medical display workstations,testing the performance of display devices such that the tests
an integral part of PACS, are used to display these images fagould take into consideration all the important aspects of
diagnostic and clinical purposes. Considering the fundamendisplay performance, be specific to medical displays, and be
tal importance of image quality to the overall effectivenessrelatively easy to implement in a clinical setting.
of a diagnostic imaging practice, it is vitally important to ~ AAPM Task Group 18(TG18) recently completed a re-
assure that electronic display devidedso termed softcopy port which suggests standard guidelines and criteria for ac-
displayg do not compromise image quality as a number ofceptance testing and quality control of medical display
studies have suggest&d. devices'® The intended audience of the report is practicing
According to the American Association of Physicists in medical physicists, engineers, researchers, radiology admin-
Medicine(AAPM) professional guidelineASthe performance istrative staff, manufacturers of medical displays, radiolo-
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gists, and students interested in display quality evaluationof the evaluation(research, acceptance testing, or quality
The report is developed such that while addressing the cueontro) and how thorough the evaluation needs to be. Table
rent dominant medical display technologies, cathode-ray summarizes the required instruments for display quality
tubes(CRT9 and liquid crystal displaydCDs), many of the  evaluation. The readers are advised to consult Sections 3.1
tests and concepts could be adapted to future display tecland 4-6 of the TG18 report to determine the subset of the
nologies. tools and their performance requirements for the particular
The report is divided into six sections. Section one sum+ests being performed.
marizes prior standardization efforts in the performance
evaluation of medical display devices. Section two is a tuto-
rlgl on thg current and emerging meq[cal display technolo-”_P_Z_ Test Patterns
gies. Section three sets forth prerequisites for the assessmen
of the display performance and includes a description of re- The TG18 report recommends the use of specific test pat-
quired instrumentation and TG18 test patterns. Section fouterns for performance evaluation of display devices in order
is the main body of the report containing the descriptionto facilitate comparisons of measurements. The recom-
guantification methods, and acceptance criteria for each keyiended patterns are designated with a nomenclature of the
display characteristic. Sections five and six outline proceform TG18xyz wherex, y, andz describe the type and de-
dures for acceptance testing and quality control of displayived variants of a pattern. The patterns are listed in Table II
devices. The report further includes appendices providing@nd a few examples are illustrated in Fig. 1. The full descrip-
guidelines for evaluating the performance of “closed” dis-tion of the patterns are in Sec. 3.2 and Appendix Il of the
play systems, requirements for equivalent appearance dfG18 report.
monochrome images, a full tabular description of TG18 test While the electronic copy of the TG18 report provides the
patterns, and a selected bibliography. patterns in multiple formats, they may also be generated with
Considering the significant extent of the TG18 report, thisthe aid of the information provided in the report. When dis-
paper aims to provide an executive summary of the report iplaying the patterns, no special processing functions should
a more condensed format. This paper focuses mainly on thiee applied. The 16-bit version of the patterns should be dis-
testing procedures and criteria of the most direct relevance tplayed with a window width and level set to cover the range
acceptance testing and quality control procedures. The edfirom 0 to 4095(window width, WW=4096, window level,
cational, advanced, and detailed descriptive portions of th¥/L=2048), except for the TG18-PQC, TG18-LN, and
report are not included. Interested individuals are referred td G18-AFC patterns, where a WW of 4080 and WL of 2040
the full report for a complete description of the eliminated,should be used. For 8-bit patterns, the displayed range should

summarized, and referenced sections. be from 0 to 255(WW=256,WL=128. For some of the

patterns, it is also essential to have a one-on-one relationship
Il. GENERAL PREREQUISITES FOR DISPLAY between the image pixels and the display pixels.
ASSESSMENTS

II.LA. Classification of Display Devices
N ) _11.B.3. Software
In recognition of the currently accepted practice and in

accordance with the guidelines set forth by the American 1nough not essential, software tools can facilitate the per-

College of Radiologl/ and the Food and Drug Administra- formance as;essment of dlsplay_ devices. They include soft-
tion, display devices for medical imaging are characterizedVa'e for semiautomated generation of te_st patterns,.process-
in the TG18 report as either primary or secondary. Primary"d Software for assessment of resolution and noise, and

display systems are those used for the interpretation of medpPreadsheets for recording and manipulating the evaluation

cal images. They are typically used in radiology and in cerfesults. Some tools are provided along with the electronic

tain medical specialties such as orthopedics. Secondary sy&2PY of the TG18 report. Further information is available in
tems are those used for viewing medical images by medicab€C¢: 3-3 Of the report.

staff or specialists other than radiologists after an interpretive

report is rendered. The operator’s console monitors com-

monly used to “adjust” the images before they are sent forl.C. Initial Steps for Display Assessment

interpretation are treated as a primary display in terms 01;,_01‘ Availability of Tools

contrast response but secondary otherwise.
Before starting the tests, the availability of the applicable

tools and test patterns should be verified. Lists of desired
tools for acceptance testing and quality control purposes are
provided in the following section of this paper. The TG18

Although many display tests can be performed visually, aest patterns should be stored on the display workstation dur-
more objective and quantitative evaluation of display perforing installation, or otherwise be accessible from a network
mance requires special test tools. The required instrumentachive. This approach ensures that the same pattern will be
vary in their complexity and cost depending on the contexutilized for all future testing.

I1.B. Required Tools
II.B.1. Instrumentation

Medical Physics, Vol. 32, No. 4, April 2005
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TaBLE |. Instrumentation used for display quality evaluation.

1208

Instrument

Desired requirements

Purpose

Near-range luminance meter

Telescopic luminance meter

llluminance meter

Colorimeter

Digital camera

Light source

lllumination device

Baffle

Cone

Light absorbing cloth or hood

« Calibration traceable to NIST
« 0.05-1000 cd/rhluminance range
« Better than 5% accuracy
« Better than 1 (ideally 10°3) precision
« Aperture range<5 deg

« Better than 3% compliance with the
Commission Internationale de L’Eclairag€lE)
standard photopic spectral response

» Those listed above for near-range meter
* Acceptance angles1 deg
« Ability to focus to an area<6 mm

« Calibration traceable to NIST
¢ 1-1000 lux illuminance range
« Better than 5% accuracy

« Better than 3% compliance with the
CIE standard photopic spectral response

+ 180 deg cosinéLambertian response
to better than 5% out to 50° angulation

« Calibration traceable to NIST
» 1-1000 cd/rf luminance range
« Better than 0.004u’,v’) accuracy

« Low noise and wide dynamic range
» 1-500 cd/m luminance range
* >512X 512 matrix size
« 10- to 12-bit depth
« Equipped with a focusable macro lens
« Variable frame rate/integration times upto 1 s
« Digital interface to a computer

 Calibrated for camera luminance, flat-field
response, noise, and MTF

« Equipped with a stable stand or tripod with
directional adjustments

« Uniform luminance-200 cd/n?

* Small enough to subtend 15° from
center of display

* See TG18 report Sec. 3.1.3

« Light absorbing characteristics
¢ 5-15 mm opening

« Light absorbing characteristics

* 5 mm opening and<60 deg angular
divergence

* Light absorbing characteristics

Luminance and luminance uniformity
measurements

Luminance, luminance uniformity, reflection,
angular response, and glare measurements

Reflection and ambient lighting measurements

Chromaticity measurements

Quantitative resolution and noise
measurements

Quantitative specular reflection measurement

Quantitative diffuse reflection

Glare and luminance measurements

Glare and luminance measurements

Display evaluation in the areas that have
no control over the level of ambient lighting

Medical Physics, Vol. 32, No. 4, April 2005
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TaBLE I.  (Continued)

Instrument Desired requirements Purpose

Measuring microscope or magnifier * Magnificatisr25-5 Visual resolution measurements

« Equipped with a metric reticle with
<0.05 mm divisions

« Focusing capabilities
« Allow a working distance o=12.5 mm

Flashlight * None Allow inspections in dark

Lint-free cleaning tissue glass-cleaning *« Recommended by the display manufacturer Used for cleaning the faceplate, if needed

solution

Two rulers and angle measurement device * 1 m in length Angular response and specular reflection
coefficient measurements

Tape measure « Flexible and 20-30 cm in length Geometric distortions measurements

11.C.2. Display Placement should be verified. If the faceplate is not clean, it should be

Prior to testing, the proper placement of a display devicgleaned following the manufacturer’s recommendations.

should be verified and adjustments made as appropriate. In
the placement of a display device, the following should bell.C.4. Ambient Lighting Level

considered: The artifacts and loss of image quality associated with

1. Display devices should always be positioned to mini-reflections from the display surface depend on the level of
mize specular reflection from direct light sources such agmbient lighting. As shown in Table I1l, illumination of dis-
ceiling lights, film illuminators, or surgical lamps. The play device surfaces in various locations of a medical facility
reflection of such light sources should not be observednay vary by over two orders of magnitude. The reflection
on the faceplate of the display in the commonly usedmneasurement described in a later section of this document
viewing orientations. delineates a method to determine the maximum ambient light

2. Many display devices, such as CRTs, are affected bjevel appropriate for any given display device based on its
magnetic fields; they should not be placed in an aredeflection and luminance characteristics. It is important to
with strong magnetic field§.e., vicinity of MRI scan-  verify that the ambient lighting in the room is below this
ners, unless properly shielded. maximum. The condition for the tests should be similar to

3. Displays should be placed ergonomically to avoid neckhose under normal use of the equipment. By recording am-

and back strain at reading level with the center of thebient light levels at a reference point at the center of the
display slightly below eye level. faceplate and noting the location and orientation of the dis-
play devices at acceptance testing, it will be possible to op-
timize repeatability of testing conditions in the future. If a

display device is equipped with a photocell for ambient light
i ) ) ) detection, its use should be in compliance with the Digital
Prior to evaluation, the display device should be warmeqmaging and Communication in Medicin®ICOM) gray-

up for approximately 30 min. In addition, the general systeMscgle standard display functid®SDP as further discussed
functionality should be verified by a quick review of the pejow.

TG18-QC [Fig. 1(a)] test pattern. The pattern should be

evaluated for distinct visibility of the 16 luminance steps, the . )

continuity of the continuous luminance bars at the right and!-C-2- Pretest Luminance Settings

left of the pattern, the absence of gross artifacts, and the Before the performance of a display system can be as-

proper size and positioning of the active display area. Anysessed, proper display area size should be established, and

adjustments to vertical and horizontal size must be madée maximum luminancé . and the minimum luminance

prior to performing the luminance measurements. Lmin Mmust be checked to verify that the device is properly
Dust and smudges on the face of the display will absorb¢onfigured. The desired values should be determined based

reflect, or refract emitted light possibly resulting in erroneouson the desired luminance ratio, the reflection characteristics

test results. In addition, newly installed displays are someef the system, and the ambient lighting leysée the reflec-

times covered with a protective plastic layer, which upontion and luminance sections belpwUsing a luminance

removal can leave residual marks on the faceplate. Beformeter, the luminance values should be recorded using the

testing a display device, the cleanliness of the faceplatd G18-LN8-01(or TG18-LN12-0] test pattern fol,, and

I.C.3. Start-up Procedures

Medical Physics, Vol. 32, No. 4, April 2005
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TaBLE II. Test patterns recommended for display quality evaluation. The patterns are divided into six sets. Most patterns are availablelBR2024k)
size and in either DICOM or tiff format. Some patterns are available in 202®48 (2 k) size.

Set Series Type Images Description
Multipurpose(1 k and 2 K TG18-QC Vis./Qnt 1 Resolution, luminance, distortion, artifacts
TG18-BR Visual 1 Briggs pattern, low contrast detail vs luminance
TG18-PQC Vis./Qnt. 1 Resolution, luminance, contrast transfer for prints
Luminance(1 k only) TG18-CT Visual 1 Luminance response

TG18-LN Quant. 18 DICOM grayscale calibration series

TG18-UN Visual 2 Luminance and color uniformity, and angular response

TG18-UNL Quant. 2 Same as above with defining lines

TG18-AD Visual 1 Contrast threshold at low luminance for evaluating
display reflection

TG18-MP Visual 1 Luminance respongsgt depth resolution

Resolution(1 k and 2 k TG18-RH Quant. 3 Five horizontal lines at three luminance levels for LSF

evaluation

TG18-RV Quant. 3 Five vertical lines at three luminance levels for LSF
evaluation

TG18-PX Quant. 1 Array of single pixels for spot size

TG18-CX Visual 1 Array of Cx patterns and a scoring reference for
resolution uniformity

TG18-LPH Visual 3 Horizontal bars at 1 pixel width, 1/16 modulation, three
luminance levels

TG18-LPV Visual 3 Vertical bars at 1 pixel width, 1/16 modulation, three

luminance levels

Noise (1 k only) TG18-AFC Visual 1 4AFC contrast-detail pattern, four CD values

TG18-NS Quant. 3 Similar to RV/RH, five uniform regions for noise
evaluation

Glare(1 k only) TG18-GV Visual 2 Dark spot pattern with low contrast object
TG18-GQ Quant. 3 Dark spot pattern for glare ratio measurement
TG18-GA Quant. 8 Variable size dark spot patterns

Anatomical(2 k only) TG18-CH Visual 1 Reference anatomical PA chest pattern

TG18-KN Visual 1 Reference anatomical knee pattern
TG18-MM Visual 2 Reference anatomical mammogram pattern

TG18-LN8-18 (or TG18-LN12-18 for L. respectively. appropriate technical and clinical competencies. Even though
For these measurements, ambient illumination should be rehe vendor is expected to perform some testing before turn-
duced to negllglble levels using a dark cloth shroud if neC-ing a d|sp|ay system over to the user, the user must indepen_
essary. If the measured values fgf., and Ly, are not ap-  gently test the systefs). For acceptance testing and annual

propriate, the proper values should be established using th§c eyajuation, the tests should be performed by a medical
brightness and contrast controls of the display. Otherwise

the display device should be serviced before testing its pe|]?hysmsts trained in display performance assessments. Other

formance. The TG18 report further recommends compliancgtaff including biomedical engineers, in-house service elec-

of medical display systems with the DICOM GSBmBefore  tronic technicians, or trained x-ray technologists can perform
initiating the testing procedures, the device should be cali$ome of the tests described herein; however, in such situa-

brated or otherwise its calibration verified within its operat-tions, a qualified medical physicist should accept full over-

ing luminance range defined thy,,, and L, sight responsibilities and final approval of the results. For
monthly or quarterly QC, the tests can be delegated to such
I.C.6. Personnel qualified professionals as well as long as they work under the

direct supervision of the medical physicist. The daily QC of

The acceptance and quality contf@C) testing of a dis- a display system should be performed by the operator/user of
play system must be performed by an individgahaving the system. Radiology staff using electronic displays should

Medical Physics, Vol. 32, No. 4, April 2005
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JATmmee

(h)

(©) (e) (9) U]

Fig. 1. Examples of TG18 test patterns: TG18-@EL TG18-PQC(b), TG18-CT(c), TG18-LN8-01(d), TG18-LN8-08(e), TG18-LN8-18(f), TG18-UNL80
(g9), TG18-UN80(h), TG18-UNL10 (i), TG18-MP(j), TG18-RV89(k), TG18-RH50(l), TG18-CX (m), TG18-AFC (n), TG18-GV (0), TG18-GA30(p),
TG18-GQB(q), TG18-CH(r), TG18-KN (s), TG18-MML1 (t), and TG18-MM2(u).

be familiar with the daily testing procedure and expected/l.C.7. Specific Prerequisites for Acceptance

results. All personnel responsible for performing QC testsTesting

will require initial training specific to their level of respon-

sibility and periodic retraining and mentoring by medical Acceptance testing requires close communication with the
physics staff. vendor for understanding and documenting the operational

Medical Physics, Vol. 32, No. 4, April 2005
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Fig. 1. (Continued).

features and dedicated QC utilities of the system. Any recavailable on the systems. All delivered documentation from
ommended service and/or calibration schedule, including théhe vendor should also be reviewed with special attention to
services provided, tests performed, and the servicehe testing results performed at the factory.

calibration intervals, must be obtained from the manufac-

turer, ideally as part of the purchasing process. Prior to ac- - o )

ceptance testing, the characteristics of the display systen{sC-8- Spécific Prerequisites for Quality Control

delivered should be verified against those specified in the The initial acceptance testing data are used to establish
purchase agreement. A database should be established whighd maintain expected performance. Data acquired during
includes information such as display type, size, resolutionfoutine QC testing must be compared to the limits estab-
manufacturer, model, serial number, manufacture date, rooitished around the baseline values. It is also essential to utilize
number, display identificatiofif applicablg, associated dis- the same pattern for repeat evaluations of a given display
play hardware(e.g., display controllgrand test patterns device. The use of worksheets and checklists will help in

Medical Physics, Vol. 32, No. 4, April 2005
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Fig. 1. (Continued).

establishing and monitoring the baselines. It is strongly rec{ll.A.1. Visual Evaluation
ommended to record and maintain this information in elec- The geometric distortion of a display system is ascer-

tronic databases. Most commercial calibration packages supsineq visually using the TG18-QC or the TG18-LPV/LPH
port automated recording, tracking, and analysis of displayegt pattern. The patterns should be maximized to fill the
QC results. entire usable display area. For displays with rectangular dis-
play areas, the patterns should cover at least the narrower
dimension of the display area and be placed at the center of
Ill. ASSESSMENT OF DISPLAY PERFORMANCE the area used for image viewing. The pattsrrshould be

The performance assessment of a display device in gxanr:ined from a \ﬁevvling distance Of, 3r? C”_‘-h anifi
clinical setting might be performed in the context of accep- The patterns should appear straight without significant

tance testing, prior to first clinical use, or quality control, geometric distortions, and should be properly scaled to the

throughout the life of the device. Tables IV and V provide aaspect ratio of the video source pixel format so that the grid

list of the tests, the required tools, and the expected perfof the TG18-QC pattern appears square. The lines should

mance for the two types of procedures with specific refer@ppear straight indicative of proper linearity without any cur-

ence to the TG18 report. Depending on the interest and rvature or waviness. Some small barrel and pincushion distor-

sources, additional advanced tests are further encouragetb,‘?nS are normal for CRT devices but should not- be exces-
For QC tests, hardware features and reproducible perfors-'ve' For the TG18-LPV and TG18-LPH patterns, in addition

mance can reduce the need for very frequent testing. How- , )
ever, it is recommended that initially the tests be performed® Straightness, the lines should appear equally spaced.
more frequently. If stability is maintained, a determination
can be made to decrease the frequency of testing. I1l.A.2. Quantitative Evaluation

The sections below provide the assessment methodolo-
gies. It is generally ideal to perform the tests in the order in
which they are discussed as some of the latter tests may

S

influenced by parameters that are addressed in earlier te Ghtire display area. Using a straight edge as a guide for a best

Full-descriptions of th? specific_display charact_erlstlgs 33it and with the aid of a flexible plastic ruler, distances should
well as advanced testing procedures are provided in the

TG18 report'® to which the interested readers are referred.

e Spatial accuracy for geometric distortions can be quanti-
s?'ed using the TG18-QC test pattern, maximized to fill the

TasLE Ill. Typical ambient lighting levels.

III.LA. Geometric Distortions Area lllumination (lux)
Geometric distortions of displayed images are often gPerating rooms 300-400
concern in cathode-ray tud€RT) display devices. The dis- Emerael"cﬁ’ f"eld'c_'”e_ i ;(5)8—32328
tortions can be in concave, convex, skewed, or other nonlin-:’asﬁp'o‘?ﬁccez'ca viewing stations o
ear forms. The magnitude and type of such distortions shoulﬁiagnostic reading statiorf€T/MRINM) 1560

be eyalugtgd and, if d.eemed inappropriate, adjusted to megyagnostic reading statiortx-ray9 210
certain minimum requirements as noted below.

Medical Physics, Vol. 32, No. 4, April 2005
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TaBLE IV. Tests, tools, and acceptance criteria for acceptance testing and annual quality control of electronic display systems. The sectionfaptations re
the TG18 report.

Acceptance criteria Suggested action

Test Major required tools Procedure (for two classes of displays (if unacceptable
Equipment Patterns Primary Secondary
Geometric Flexible ruler or TG18-QC See Sec. 4.1.4 Deviatief2% Deviation=5% Readjustment,
distortions transparent repair, or
template replacement for
repeated failures
Reflectiord Measuring ruler,  TG18-AD See Secs. 4.2.3and 424  Lin=154mp Linin=1.54mp Results are
light sources, (ideally (ideally used to adjust
luminance and =4L 0 =4, the level of
illuminance ambient lighting
meters,
illuminator
Luminance Luminance and TG18-LN See Secs. 4.3.4 and 4.3.3 Lmax=170 Lmax= 100 Readjustment,
response illuminance TG18-CT cd/mPLR =250 cd/n? recalibration,
meters TG18-MP Kks=<10% LR=100 repair, or
AL = 10% AL pax=10% replacement for
Kks=<20% repeated failures
Luminance Luminance TG18-UNL See Secs. 4.4.3 and 4.4.4 Nonusif30% Nonunif. <30%  Readjustment,
dependencids meter, TG18-LN LR},=>175 LR,=70 repair or
luminance TG18-CT Ksp=30% Ksp=60% replacement for
angular response repeated failures;
measurement Angular results
tool used to define
acceptable viewing
angle cone
Resolutiofi Luminance meter TG18-QC See Secs. 4.5.3 and 4.5.4.1.2 =s0x<4 0=<Cx=<6 Focus adjustment,
magnifier TG18-CX RAR=0.9-1.1 repair, or
TG18-PX AR=<15 replacement for
repeated failures
Nois€ None TG18-AFC See Sec. 4.6.3 All targets Two largest Reverification of
visible except sizes visible luminance
the smallest response,
otherwise
replacement
Veiling glare Baffled funnel, TG18-GV See Secs. 4.7.3 and 4.7.4 =3 targets visible, =1 target Reverification of
telescopic TG18-GVN GR=400 visible, luminance
photometer TG18-GQs GR=150 response,
otherwise
replacement
Chromaticity Colorimeter TG18-UNL80  See Sec. 4.8.4 A(u',v") None Replacement
<0.01

Note: Acronyms.L ..+ ambient luminance., ;= minimum luminancel,,= maximum luminance, LR=luminance ratie,= maximum deviation between
measured and GSDF contrast, Cx= Cx score, RAR= resolution-addressability ratio, AR= astigmatism ratio, GR= glare ratio.

4n the absence of illumination devices, this acceptance testing can be performed only visually using TG18-AD and the method described in .Sec. 4.2.3.1

bAngular tests are not required as a part of annual quality control.
“More objective resolution and noise measurements can be performed as described in Secs. 4.5.4 and 4.6.4 using a digital camera.

be measured in square areas in the horizontal and verticalay device does not meet these criteria, adjustments should
directions in each of the four quadrants of the pattern andhe made to the distortion control of the device. Often, as the
within the whole patterifFig. 2). Itis important to assure the area of the display is increased or decreased, the luminance
locations of the cross hatches be viewed perpendicular to thgi|| also increase or decrease in a nonlinear fashion. There-
display's faceplate. In each quadrant, between quadrants, aggke it is important to make and finalize such adjustments

within the whole pattern, th(_a maximI:Im percent deVi""tionsﬁrior to testing and adjustment of the display luminance
between the measurements in each direction and between t ﬁaracteristics. In addition, if a display workstation contains

measurements in the horizontal and vertical directions shoulg . . o
10re than one display device, it is important to have the

be determined. The percentages should be calculated in reld" ) ) . s
tion to the smallest of the values being compared. vertical and horizontal sizes of the active areas carefully

The measured spatial deviations shall be less than 2% arfiatched within 2%. This facilitates the subsequent matching
5% for primary or secondary displays, respectively. If a dis-Of their luminance response characteristics.
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TaBLE V. (@) Tests for daily quality control of electronic display system, performed by the display (bséests for monthly/quarterly quality control of
electronic display systems performed by a medical physicist or by a QC technologist under the supervision of a medical physicist. The sectsorefestatio
to the TG18 report. For acronyms see Table IV.

Acceptance criteria

Suggested action

Test Major required tools Procedure (for two classes of displays (if unacceptable
Equipment Patterns Primary Secondary
@
Overall visual None TG18-QC or See Secs. 4.10.1  See Secs. See Secs. Further /closer
assessment anat. images or 4.10.6 4.10.1/4.10.6 4.10.1/4.10.6 evaluation
(b)
Geometric None TG18-QC See Sec. 4.1.3.1 See 4.1.3.2 See 4.1.3.2 Further/closer
distortions evaluation
Reflection Luminance and TG18-AD See Secs. 4.2.3 Lmin=1.5amp Lmin=1.5amp Readjust the level
illuminance and 4.2.4 (ideally (ideally of ambient lighting
meters =4l ) =4l )
Luminance Luminance and TG18-LN See Secs. 4.3.4 Limax= 170 Limax= 100 Readjustment,
response illuminance TG18-CT and 4.3.3 cd/m? cd/m? recalibration,
meters TG18-MP LR=250 LR=100 repair, or
AL jax=<10% AL jax=<10% replacement for
Kks=10% Kks=20% repeated failures
Luminance Luminance meter TG18-UN See Secs. 4.4.3 Nonunif. <30% Nonunif.<30% Readjustment,
dependencies TG18-UNL and 4.4.4 repair, or
replacement for
repeated failures
Resolution Magnifier TG18-QC See Sec. 4.5.3 QCx=<4 0<Cx=6 Focus adjustment,
TG18-CX repair, or

replacement for
repeated failures

IIl.B. Display Reflection reflected features. In general, no specularly reflected patterns

Electronic display devices have specular and diffuse repf high contrast objects should be seen. If light sources such
s that from a film illuminator or window are seen, the po-

flection that can reduce image contrast and affect imagg.. . . . :
quality. Ambient light reflections are more pronounced inS'_tlon of the display device in the room 1s r_10t gppropnate. I
display devices with thick faceplatés.g., CRT$ compared h'g.h con.trast patt.erns such as an |Qent|f|cat|on badge on a
to those with thinner faceplatés.g., LCD3. They are gen- whlte_: shl_rt or a picture frame on a light wall are seen, the
erally reduced by the application of antireflecti&R) coat- ambient |Ilum|_nat|on n the_room should _be_ reduced.

ing on the faceplate and/or the addition of light absorbers. 1.B.1.b. lefuse_Reerctl_on CharacteristicBhe effect of
within the faceplate of the display, but these means do nogn‘fusely reflected light on image contrast may be observed
completely eliminate reflections. The reflection characteris-
tics of a medical display device should be evaluated in order
to establish the maximum allowable level of ambient lighting {
at which the device can be operated without overly compro-
mising the desired luminance performance and contras
threshold.

111.B.1. Visual Evaluation

I1l.B.1.a. Specular Reflection Characteristiésn effec-
tive and simple visual test for specular reflection of a display
device is to observe the device in the power-save mode oj
turned off. The ambient lighting in the room should be main- |
tained at levels normally used. The display’s faceplate should
be examined at a distance of about 30—-60 cm within an arfFic. 2. Spatial measurements for the quantitative evaluation of geometric
gular view of £15 deg for the presence of specularly re- B E B B0 B 0E o0 o o o and the large square at
flected light sources or illuminated objects. Patterns of highpe center encompassing the luminance patches is the one to be used for
contrast on the viewer’s clothing are common sources Ofeometric distortion characterization within the whole image.
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by alternately viewing the low-contrast patterns in thetabulated in Table VI so that the maximum room lighting can
TG18-AD test pattern in near total darkness and in normabe identified ifRs andL,,, are known. As an example, for a
ambient lighting, determining the threshold of visibility in typical CRT with antireflectivé AR) coating(Rs=0.004 op-
each case. A dark cloth placed over both the display devicerated at minimum luminance values of 0.5, 1, 1.5, and
and the viewer may be helpful for establishing near totak 0 cd/nt, the ambient lighting based on specular reflection
darkness. The pattern should be examined from a viewingonsideration should be less than approximately 14, 21, 28,
distance of 30 cm. The threshold of visibility should not beand 31 lux, respectively. Note that in the adjustment and
different when viewed in total darkness and when viewed inpeasurement of the appropriate level of ambient lighting,
ambient lighting conditions. If the ambient lighting rendersjyminance in the room should be measured with the illumi-
the “dark-threshold” not observable, the ambient illuminance,snce meter placed at the center of the display and facing

on the display surface is causing excess contrast reductiogutward, so the proper amount of light incident on the face-
and the room ambient lighting needs to be reduced. plate can be assessed.

o ) 111.B.2.b. Diffuse Reflection Characteristickhe  lumi-
ll.B.2. Quantitative Evaluation . nance from diffuse reflections adds to that produced by the
III.B.2.§. Specu_le}r Reflecthn Charact_erlst|d'$1e Specu- display device. The ambient illumination produces a lumi-
lar reflection coefficient for a display device can be measurecaance ofL,,=R.E, whereE is ambient illuminance on the
amb™ ’

with a small-diameter source of diffuse white light as de- ;. : : . N
. . . isplay surface, anBy is the diffuse reflection coefficient in
scribed in Sec. 3.1.3 of the TG18 report. The display shoul nits of cd/n? per lux or 1/sr. In the dark areas of a low-

be in the power-save mode or turned off. The light Source, | o<t image. the chanae in luminanise, will produce a
subtending 15° from the center of the display, should be ge, g b

positionedd,; centimeters from the center of the display andrela_tlve contrast ORL/(Lmin La_mb) For some devices, the
luminance response can be calibrated to account for the pres-

be pointed toward the center at an angle of 15° from the . . S
nce of a known amount of luminance from ambient lighting

surface normal. The reflected luminance of the light sourcef; d d valent trast t fer in both dark
should then be measured with a telescopic photometer from a2mb and produce equivaient contrast transier in bo ar

distance ofd, centimeters from the center of the display ang@nd bright regions. However, lf,y, is sufficiently large in
similarly angled at 15° to the normal. Finally, the directly r€lation oLy, even if the device has a high contrast ratio,
viewed Iuminance of the light source should be measure{'® Overall luminance ratio of the device is compromised.
with the same photometer from a distancedpf d, centime- The diffuse reflection coefficient may be measured using
ters. The specular reflection coefficieRtis the ratio of the standardized illumination of the display surface with the il-
reflected spot luminance to the directly viewed spot |umi_lum|nator dev!ce d_escrlbed in Sec. 3.1.3 of the TG18.report
nance. All measurements should be made in a dark room. (Fig. 4). The illuminance should then be measured in the
As the artifacts associated with specular reflections decenter of the display device using a probe placed on the
pend on the ambient lighting, the measured specular reflegéenter of the display surface. The sensitive area of the meter

tion coefficient should be used to establish the maximunghould be held vertically to measure the illuminance incident
allowable ambient lightinde as on the display faceplate. The induced luminance at the center

of the display surface should then be measured with a tele-
E < (mClmin)/(0-9Ry), (@) scopic Iurﬂin)z/ance meter as illustrated in Fig. 4. The lumi-
where the contrast thresholg]=AL/L (see Fig. 3 and Sec. nance measurement should be made through the small aper-
4.3.1 of TG18 repojt corresponds to its value at the mini- ture at the back of the containment device so as to not
mum luminancel,,;,. For convenience, this relationship is perturb the reflective characteristics of the containment struc-

0.100

Fic. 3. Contrast threshold for varied visual adaptation
(a) and fixed(b) visual adaptatiofRef. 19. The con-
trast thresholddL/L for a just noticeable difference
(JND) depends on whether the observer has figgdr
varied(a) adaptation to the light and dark regions of an
overall scenedL/L is the peak-to-peak modulation of a
small sinusoidal test pattern.

0.010 1

dL/L fora JND

N ————

cdim? cdm?
0.001 r T

0 100 200 300 400 500 600 700 800 900 1000
JND index
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Shields ... tivity of the human eye in scenes with wide ranges of lumi-

nance levelge.g., medical images®?° the DICOM gray-
scale standard display functici®SDP® offers a way to
approach this goal by applying a specific look-up-table to the

llluminator

S Telescopic display values, such that the display values present equally
: 5 s, LSMINANCE-MBtEr discriminable levels of brightness.
@ ;b i The intrinsic luminance respongee., luminance versus
LA i o display valug of most display devices is markedly different
Display ——— llluminance-meter from the GSDF. It usually follows a power-law relationship

for CRTs, and a linear one for LCDsn addition, the lumi-
Fic. 4. Typical illuminating device used for the measurement of the diﬁusenance response may vary over time. In CRTs. for example
reflection coefficient of a display device. - ! ’
the phosphor efficiency decreases as the device ages. Modern
display devices also have utilities that automatically calibrate

ture. The Viewing aperture must be |ocated from 8°to 12° Oﬁthe luminance response of the device to GSDF. HOWeVer, the
to the Side from the normai SO as to not interfere Wlth thefunctionality and aCCUI‘acy of these utilities should be inde-
measurement result. The diffuse reflection coefficiepis ~ Pendently verified by the user.
computed as the ratio of the luminance to the illuminance in
units of s,

As diffuse reflection reduces the contrast, for primary
class display devices, the level of ambient illuminancey.C.1. Visual Evaluation
should be set to insure that the contrast in dark regions ob- The luminance response of a display device is visually
served with ambient illumination will be at least 80% of the inspected using the TG18-CT test pattern. The pattern should
contrast observed in near total darkness. This requwemerE)te evaluated from a viewing distance of 30 cm for visibility
translates t-amp=<0.25Lmin, OF of the central half-moon targets and the four low-contrast
E < (0.25L;in)/Ry. (2 objects at the corners of each of the 16 different luminance
regions. Since this pattern is viewed in one state of visual
adaptation, it is expected that the contrast transfer will be
) . ! M 1 better at the overall brightness for which the visual system is
?ni%rr)r;%i E?nﬁng:L]eé/zlsgg%?%F;d_lof % S;n) dongr?é‘e/;:lh:t adgpted as opposed t.o the darkest .or_the brightest regions.

. I e TN T . With experience, the visual characteristics of this test pattern

ambient lighting based on (_j|ffuse reflection con5|derat|onCan be recognized for a system with quantitatively correct
should _be less 'Fhan_approxmately 7, 12, 19, _and .25 .quruminance response. In general, the low contrast targets
respectively. In situations where the level of ambient I|ght|ngShould be visible in all regions. A common failure is not to
can be strictly controlled and taken into account in the Iumi—be able to see the targets in oﬁe or two of the dark regions
nance calibration of the display deyice, a largef can be The bit-depth resolution of the display should be evalu-.
tolerated(Lamy=Lmin/ 1.5 as noted in the next section. ated using the TG18-MP test pattern. The evaluation includes
ascertaining the horizontal contouring bands, their relative
locations, and grayscale reversals. The pattern should be ex-

The human visual system perceives brightness in a noramined from a viewing distance of 30 cm. In general, the
linear fashiort® Ideally, the luminance response of a display relative location of contouring bands and any luminance lev-
device should match this nonlinear response such that imagss should not be farther than the distance between the 8-bit
values are displayed in equally perceptible luminance incremarkers(long markers No contrast reversal should be dis-
ments. While limited due to variations in the contrast sensicernible.

Table VII identifies the ambient lighting for which,, is
0.25 ofL,;, as a function oRy andL,;,- As an example, for

I1I.C. Luminance Response

TasLE VI. Maximum allowable ambient illuminance based on specular reflection: For a display device with a
specific minimum luminancé.,;, and a specific specular reflection coefficiéltthe ambient illumination
which maintains specular reflections from high contrast objects below the visual contrast thrgghatd

tabulated.

Maximum room illuminancelux)
Lma><_|—min
(cd/n?) C R.=0.002 R.=0.004 R.=0.008 R.=0.020 R.=0.040
5000-20 0.010 349 175 87 35 17
2500-10 0.011 192 96 48 19 10
1000-4 0.015 105 52 26 10 5
500-2 0.018 63 31 16 6 3
250-1 0.024 42 21 10 4 2
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I.C.2. Quantitative Evaluation ary class devices, LRshould be no less than 100. In general,
In the quantitative method, luminantp) is measured Lin Should be within 10% of the nominally desired values

using a calibrated luminance meter at the center of the 18T Poth classes of display. _
TG18-LN test patterns, corresponding to 18 distinct digital S @mbient lighting can impact the low Ium|nfince re-
driving levels p. The measurement d(p) using patterns sponse of a display device and reduce the device’s effective

other than the TG18-LN patterns may result in different val-luminance rqtio, a Iimit_onLambis further. indicated. For both
ues due to the influence of veiling glare. The effect of ambi-classes of d'Spl‘?‘y devicekqmp should ideally be less than
ent illumination should be reduced to negligible levels, by0-2%-min (Or 0.2p,). In situations where the level of ambi-

min
using a dark cloth if necessary. If a telescopic luminancént lighting can be strictly controlled and taken into account

meter is used, in order to minimize the influence of meterd” the luminance calibration of the display device, a larger

flare on the low-luminance measurements, the measuremeritgmb ¢an be tolerated, but,n, should always be less than
may need to be made through a cone or baffle to shield thkmin/ 1.5 (Or Lyn/2.5). If necessary, arrangements should be
instrument from the surrounding light. For display devicesr_n‘"?lde to reduce the room lighting in order to achieve a suf-
with non-Lambertian light distribution, such as a LCD, if the ficiently smallLam, _ _
measurements are made with a near range luminance meter, I €valuating the luminance response of the display be-
the meter should either have an aperture angle smaller than¥/€€n the maximum and minimum extremes, the measured

deg or display-specific correction factors should be apgfied. lUminance values should be related to the DICOM GSDF
The ambient luminance on the display faceplétg, ) luminance response in terms of the contrast response, i.e., the
m

should either be estimated from the measuRgdalues as ~ SIOP€ Of the measured luminance response. To do so, using
L.=ERy or measured directly. In the case of direct m(__,a_the DICOM's table of just noticeable differen¢&ND) indi-

surement, the display device should be put in the power-sa/&eS Versus luminance, the JND indices for the measifed
or blank screen-save modetherwise turned off A tele- andL,,, should first be identified. The JND indices for the

scopic luminance meter normal to the display surface is usefitermediateL” values should then be evenly spaced within

with a light-absorbing mask placed behind the meter to minith€ JND range and linearly related to the acfuahlues used

mize specular reflection from the display. Otherwise the?S
room lighting is set to the conditions established for the nor-
mal use of the equipmeltsee Sec. Ill B abovye The values Pi(Jmax— Imir)
for L'(p) includingL},,, andL/,, are then computed by the  Ji = Jmin+ AP 3
addition ofL 4, to the measuretl(p) values.

The recommended value fof, ,, is typically specified by o o .
the vendor as the highest value that can be used withojthereJ indicates the JND indicee.g., Fig. 3. The mea-
compromising other performance characteristics, such a3\red data are then expressed as the observed cowarast,
lifetime or resolutionL’,, should be greater than 171 cd?m €ach luminance step;, as a function of mean JND index
for primary displays’ and 100 cd/rh for secondary dis- Value associated with that step
plays, and should be within 10% of the desired value for
both classes of display. Furthermore, for workstations with 2L L))
multiple monitors L/ . should not differ by more than 10% &= ——————
among monitorsL/,,, should be such that the desired lumi- (L + L) = Ji-0)
nance ratid.R' =L/ /L., is obtained. If the manufacturer’s
recommendations are not available, it is recommended thdthe expected response from DICOM GSDF luminance val-
the luminance ratio of a display device be set equal to oueséfj is also similarly computed using the following equa-
greater than 250 for all primary class devi¢é&or second- tion:

@0.5(J; + Jj-1). (4)

TasLE VII. Maximum room lighting based on diffuse reflection: For a display device with a specific minimum
luminancel ., and a specific diffuse reflection coefficieRg in units of cd/nf per lux or 1/sr, the ambient
illumination which maintains 80% contrast in dark regions is tabulated. The maximum room illuminance is
calculated as 0.25;,/Ry.

Maximum room illuminancelux)

I—ma><_|—min

(cd/mP) R.=0.005 R.=0.010 R,=0.020 R.=0.040 R.=0.060
5000-20 1000 500 250 125 83
2500-10 500 250 125 62 42
1000-4 200 100 50 25 17
500-2 100 50 25 12 8
250-1 50 25 12 6 4
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TG18-LN12-18
1000 —

TG18-LN12-9 _,/'/
g
| o
~ 100 - i
E . 280
3 TN - cdim? Fic. 5. Example of the measured luminance for 18 dis-
g = ./'< play levels is plotted in relation to the DICOM GSDF.
§ Ve Barten model The p-values used to measure luminance have been lin-
E . Ve Wessiirsdvalies early scaled to JND indices with the valued.gt,, and
3 - /_/ L/.n Set to be equal to the IND corresponding indices.
15 I/
cd/m? /
1

0 200 400 600
JND index (Dicom 3.14)

2(|_id_ |_id_1) non-uniformities and variation in contrast as a function of
TR )@0-5(Ji +Jio1). (®)  viewing angle, both of which should be characterized as a
PR L part of display evaluation protocol.
The difference between the measured and GSDF contrast

responses at any given poirf= Max(|6i—5?|), should be  ; p 1. Visual Evaluation
less than 10% and 20% for the primary and secondary class ||| p.1.a. Nonuniformity The visual method for assessing
display devices, respectivelfig. 6). This criterion applies  gjisplay luminance uniformity involves the TG18-UN10 and
specifically to contrast evaluated from the 18 measurementgs18-UNSO test patterns. The patterns are displayed and the
of luminance made at uniformly spacgavalue intervals. niformity across the displayed pattern is visually assessed
The failure of a display device to meet the above criteriagom a viewing distance of 30 cm. The patterns should be
should prompt adjustment, recalibration, repair, or replacefree of gross nonuniformities from center to the edges. No
ment of the device. luminance variations with dimensions on the order of 1 cm
or larger should be observed.

[11.D.1.b. Angular Dependencéngular response may be
evaluated visually using the TG18-CT test pattern. The pat-

The luminance response evaluations described above ontgrn should first be viewed on axis to determine the visibility
pertain to the luminance characteristics of a display device atf all half-moon targets. The viewing angle at which any of
one location on the display faceplate viewed perpendicularlythe on-axis contrast thresholds are rendered invisible should
However, display devices often exhibit spatial luminancethen be determined by changing the viewing orientation in

I11.D. Luminance Dependencies

0.100
Measured values
10% it 004 timit
2 Barten model
- Lo
g 0.010 Tl Fic. 6. Example of the contrast response computed
= T from 18 gray levels is related to the expected contrast
3 response associated with the DICOM GSDF with 10%
tolerance limits indicated.
0.001

0 200 400 600
JND index (Dicom 3.14)
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polar and azimuthal orientations. Alternatively, a uniform cesses, a display pixel can have a breadth that is larger than
test pattern with uniformly embedded test targets may béts nominal value, degrading the display resolution from its
used. The viewer distance at which all targets along the axidteal level.

or diagonal axes are visible may be used as an indication of

the angular response performance of the display in terms qfy.£.1. Visual Evaluation

the viewing angle cone within which the performance is ac-
ceptable. The acceptable viewing angle cone should b&
clearly labeled on the display device.

Display resolution can be evaluated by visually assessing
e appearance of the “Cx” patterns in the TG18-QC or the
TG18-CX test patterns. The patterns should be displayed so
that each image pixel is mapped to one display pixel. Most
I11.D.2. Quantitative Evaluation image viewers have the function to accomplish this display

l1l.D.2.a. NonuniformityUsing the TG18-UNL10 and mogde. In order not to be limited by the modulation transfer
TG18-UNLS8O test pattems, luminance is measured at fiVQunction (MTF) of the eye, the use of a magnifying g'ass is
locations over the faceplate of the display devicenter and  recommended. In the TG18-QC pattern, the examiner should
four corner$ using a calibrated luminance meter with atten-inspect the displayed “Cx” targets at the center and four cor-
tions to the precautions noted in Sec. Il C. The maximumpers of the pattern and score the appearance using the pro-
luminance deviation for each display pattern is calculated agided scoring scale. The line-pair patterns at Nyquist and
the percent difference between the maximum and minimunpalf-Nyquist frequencies in the horizontal and vertical direc-
luminance values relative to their average value, 80f.;  tions should also be evaluated in terms of visibility of the

= Lmin)/(Lmax* Lmin). The value for an individual display de- jines. The average brightness of the patterns should also be
vice should be less than 30%. evaluated using the grayscale step pattern as a reference. The

l11.D.2.b. Angular Dependenc@he luminance of a LCD  difference in visibility of test patterns between horizontal and
display may be quantitatively evaluated as a function ofertical patterns should be noted. The relative width of the
viewing angle. This can be done with two basic approachess|ack and white lines in these patches should also be exam-
the conoscopicand thegonioscopiamethods, as noted in the jned using a magnifier. The resolution uniformity may be
TG18 report. A basic quantitative test should include theascertained across the display area using the TG18-CX test
evaluation of luminance ratio as a function of viewing anglepattem and a magnifier in the same way that the “Cx” ele-
using the TG18-LN test patterns. For these measurements, fients in the TG18-QC pattern are evaluated.

is useful to have a subjective understanding of the viewing | the visual inspection of the TG18-QC and TG18-CX
angle dependence to determine the specific horizontal a'}%tterns on primary class display systems, the Cx elements
vertical angles at which quantitative measurements should bghould be scored between 0 and 4 at all locations. This limit
made. coincides with a resolution-addressability ratid®RAR)

Ideally, the angular response of a display should not rex<1 158 For secondary class displays, the Cx scores should
duce the luminance ratio by more than 30%. Thus, an accepe petween 0 and @RAR<1.47). For both classes, the hori-
able viewing angle is defined as an angular cone withiyontal and vertical line-pair patterns at Nyquist frequency
which LR’ is greater than 17$250x0.7) for primary dis-  should be discernible at all locations and for all directions.
plays and 70100x 0.7) for secondary display%.If the lu-  The TG18 report further includes a method to determine the

minance in midluminance values is measured, the angulaixtent of the display pixel§i.e., RAR using the TG18-PX
luminance results should be evaluated the same as the Ofsst pattern.

axis measurements described above in terms of conformance
to the GSDF. The contrast response for any viewing anglg;, £ » Quantitative Evaluation

should not be greater than three times the expected limits on o ) )
axis (ks<3x 10%=30% for primary displays ane,<3 Quantification of the MTF requires the use of a displayed-

X 20%=60% for secondary displaysor a display device, Mmage digitizing system, such as a digital camera, to digitally
both LR and x; requirements should be met. capture a portion of the display and to analyze the resulting
The viewing angle limitation for medical use of a device IMages. The lens flare should be reduced with the use of a

should be clearly labeled on the device for optimum viewing.Nigh f number and the aid of a cone or funnel device. The
If multiple devices of the same design are used, it is suffimagnification of the lens should result in over-sampling of
cient to assess the viewing angle limits on one device. Fof€ display with at least 64 camera pixels covering one dis-
such systems, the acceptable viewing angle cone should (Y Pixel. The camera needs to be well focused on the

used to arrange the monitors for minimum contrast reductiogcréen of the display under test. This is best done when the
due to the angular dependencies of luminance. lens aperture is opened to its maximum level to achieve low

depth-of-focus. Afterward, the lens aperture is set to its
smallest level in order to achieve a large depth-of-focus and
minimum flare.

Resolution is the ability of a display device to present the The TG18-RV, TG18-RH, and TG18-NS patterns provide
spatial details of a displayed image. This ability is related tdine inputs as target patterns for the MTF measurements.
both the number of pixeland the actual spatial extent of These patterns allow the assessment of MTF in the horizon-
each pixel. Because of various optical and electronic protal and vertical directions at three luminance levels and five

IIl.LE. Display Resolution
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locations on the display area. At each location, the camert ote that in somﬁ c_zsesfttr;]e LLSé'I:: T”'gh‘ 3? afsymn:etnc. In
should be securely positioned in the normal direction in front 0Se cases, each side of the IS used fo form two sym-
metric LSFs. The resultant MTFs are reported, along with

of the target area of the display and focused on the line. Thﬁ1eir average, as representative of the display resolution. Val
magnification should be determined in accordance with the ge, X piay .

display pixel size, camera matrix size, and the desired over-o> of the measured MTF at the Nyquist frequency should be

" ' X . .~ at least 35% for primary display devices and 25% for sec-

sampling. The camera field of view should include the pixel : :

: . .ondary devices. Measured responses outside the acceptable
markers in the pattern. While the camera should be placed in . . .

N . . range should prompt corrective actions in the form of focus
normal direction with respect to the faceplate, it needs to be " 7" " . . i

. gr dithering adjustments, repair, or replacement of the de-
rotated parallel to the faceplate such that the camera plxéjice
array is angled at 2-5 deg with respect to that of the dis-
played image. Images from all six patterns should be cap-
tured before moving the camera to the next location. Th%
exposure time should be selected such that the digital signal
of the camera exceeds the dark signal by a factor of 100. Display noise refers to statistical fluctuations in the image
Furthermore, the exposure time should be long enough tthat either vary spatially, so-called spatial noise, or vary in
permit integration over multiple display frames, but shorttime, so-called temporal noise. Temporal noise, which is usu-
enough with respect to instabilities of the scanning and deally dominant in the dark regions of displayed images, is
flection circuits. Ultimately the integration time should be difficult to characterize outside of a laboratory setting and its
appropriate with respect to the integration time of the humamperceptual influence is less well understood. Spatial noise is
eye, for which the experiments are conducted. Integratioslominant in the brighter areas of displayed images. In CRTSs,
times between 0.2 @nl s are appropriate to use. The mea-phosphor granularity is the main contributor to spatial noise;,
surements should be made in a darkened room. while in LCDs, the dominant noise is that associated with the
The 30 images should be acquired without any imagepixelated background.

compression. The data should be transferred to a computer

for data processing. The captured line patterns should b#l.F.1. Visual Evaluation
reduced to orthogor]al MTFs using Fourier _analy3|s. There The visual method to quantify the spatial noise of a dis-
are several processing steps in the calculations, and the rgr,y system is based on the method to determine just notice-
sults are expected to vary slightly with the methods. Forgple juminance differences as a function of size using the
standardlzgtlon and simplicity, the following steps areTG1g8-AFC test pattern. Each quadrant of the test pattern
suggested: contains a large number of regions with varying target posi-
1. Determine the size that the image pixels represent ifon. In each quadrant, the contrast and size of the target are
terms of the spatial dimension on the display using theconstant. The contrast-size values for the four quadrants are
known physical distance of the pixel markers on the20-2, 30-3, 40-4, and 60-6. The observer should view the
patterns and the measured pixel distance of the markefatlems from a viewing distance of 30 cm. The quadrants
in the captured images. can be subjectively evaluated to establish the contrast-size
2. Linearize the image data with respect to display lumi-relationships for which the observer can confidently place
nance using the luminance response of the display. the position of all targets. The target visibility in each of the
3. Add the mean value of the image from the TG18-NS totarget regions may also be quantified by counting the number
that of the TG18-R\or TG18-RH pattern, and subtract of targets readily visible in each of the quadrants and com-
the TG18-NS image pixel by pixel from the TG18-Rv Puting the percent correct.
(or TG18-RH image in order to remove display pixel The visual evaluation should render all the targets except
structure. Averages of multiple images may be used fothe smallest one visible for primary class displays and the
more complete removal of structured noise. The subiwo largest sizes visible for secondary class displays. Since
tracted image is used for further processing. the mean value and the standard deviation of the background
4. Identify a central rectangular region of inter¢®Ol) ~ &re €ach linearly dependent on the luminance, the_w;%c;g, e,
extending along the image of the line. signal-to-noise, remains mdgpendent .of Iumlln .
Determine the angle of the line. Therefore, the results of the noise evaluation are independent
6. Reproject the two-dimension@D) data within the ROI of the absolute luminance value of the pattern’s background.
' along the direction of the line into subpixel bins to ob- However, the failure of a device in this test can also be an
tain the composite line spread functitrSF) indication of an improper luminance response, the possibility

7. Smooth the LSF if it expresses excessive noise. of which can be eliminated by first verifying the proper lu-

8. Find the Fourier transform of the LSF, and normalize thghinance response of the device.

resulting MTF. o ]

9. Divide the MTF by thesincfunction associated with the //I-F-2. Quantitative Evaluation
width of the LSF subpixel bins, and correct for the pre- Spatial noise of a display system can be quantified by
viously characterized MTF of the camera systéee either single-pixel signal-to-noise ratfdr by the normal-
Sec. 3.1.2 of the report ized noise power spectruthNPS. Both methods require the

|.F. Display Noise

o
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use of a scientific-grade digital camera to capture an image uncorrelated, the NPS based on sampled camera images
of a uniform pattern displayed on the device. The camera without exposure using the same integration time may
lens should be set to a highnumber in order to reduce be subtracted from the results.

veiling glare in the camera. Also, the magnification of the7. Derive the orthogonal NPS from the calculated 2D NPS
lens should result in over-sampling of the display in a way by band averaging, excluding the data on the orthogonal
that allows sampling of spatial frequencies up to 40 cycles axes.

per degree, which is the resolution limit of the human visual _
system at the maximum luminance of most electronicoince there are currently only a few examples of actual NPS

displaysz.e The camera images should also be flat-fielg-measurements made, and since no correlation of the mea-

corrected, compensated for gain variations, and restored foiréments and diagnostic accuracy is ascertained, no fixed
the degradation of the MTF of the camera optics based ofyfiteria are recommended at this time. However, noise values

the prior performance evaluation of the camera system, notegSSociated with the display device should not exceed those of
earlier. typical radiological images that are viewed with the system.

The central region of the TG18-NS test patterns can be
used as the target uniform pattern for measurements at thr¢@ G, veiling Glare
luminance levels. The camera should be securely positioned o ) _ _
in front of the target area of the display and focused. The Veiling glare is a light-spreading phenomenon in a display
field of view should include the pixel markers in the pattern.device that leads to the degradation of image contrast in the
The magnification should be determined in accordance witlprésence of strong surrounding brightness. In CRTs, veiling
the display pixel size, camera matrix size, and the desireE'ar_e is caused by _mternal light-scattering processes in .the
over-sampling. To eliminate the effects of temporal fluctua-device’s faceplate, light leakage, and electron backscattering.

tions in the luminance output, images should be captured! LCDs, electronic cross-talk can be viewed as a form of

with an integration time of about one second. The measure’€iling glare.
ments should be performed in a darkened room. The images
should t_)e transferred uncompressed to a computer for da‘ﬁ’l.G.l. Visual Evaluation
processing. . 3
The quantification of the display noise by the single-pixel _1he visual assessment of veiling glare can be accom-
signal-to-noise ratio is noted in the TG18 report. For the Npglished using the TG18-GV and TG18-GVN test patterns.

determination, the captured uniform patterns are processet'® display size must be adjusted so that the diameter of the

by Fourier analysis. There are multiple processing steps inwhite region is 20 cm. The observer should discern the vis-

volved and the methods can vary the results slightly. Fobility of the low-contrast objects in sequential viewing of
the TG18-GVN and TG18-GV patterns. Because the human

standardization and simplicity, the following steps are sug-". X Lo PR .
gested: visual systems will change adaptation if it views the bright
field, it is imperative that the bright field is fully blocked
1. Determine the size that the image pixels represent ifrom view and that no reflected light from the bright field be
terms of the spatial dimension on the display using thepbservable. This may be accomplished by the use of a mask
known physical distance of the pixel markers on theor cone, which shields the human eye from the surround

pattern and the measured pixel distance of the markengiminance of the pattern. No significant reduction in the con-

in the captured image. trast of the target objects should be observed between the
2. Linearize the image data with respect to display lumi-two patterns. At least three objects should be readily visible
nance. in either pattern for primary class display devices. The cor-

3. Divide the central 3/4 region of the captured image intoresponding object for secondary class display devices is at
multiple, nonoverlapping regions, 128128 or 256 least ong(5th) target.
X 256 in size. The size of these regions determine the
sampling interval of the resulting NPS. Depending on
the exact level of magnificatiofoversampling and the  //.G.2. Quantitative Evaluation
matrix size of the camera, between nine to 64 regions The quantitative evaluation of veiling glare is accom-
may be identified. It is recommended that at least 2(lished using a highly collimated luminance meter and the
regions be used for the assessment of the NPS. T0G18-GQ, TG18-GQB, and TG18-GQN test patterns. The
achieve this, it might be necessary to acquire multipledisplay size must be adjusted so that the diameter of the
images from the central patch of the TG18-NS patternwhite region is 20 cm. Furthermore, the bright luminance
by orienting the camera toward another, nonoverlappingurrounding the central measurement point at the center of

area of the central area of the displayed pattern. the test patterns should be blocked using either a baffled
4. Apply a two-dimensional fast Fourier transform on eachluminance meter or a telescopic luminance meter with a

region to yield the 2D NPS. light-blocking baffled funnel or cone. Using either of these

Average the 2D NPS from all regions. devices, the luminance in the center of the central dark re-

o o

Correct for the camera noise. Based on the assumptiogion of the TG18-GQ patterh, the white luminance in the
that the camera noise and the display spatial noise areenter of the white region of the TG18-GQB pattér and
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the background luminance value in the center of the TG18rimeter used outputs the color coordinate in the oldey)
GQN patterrLy, are recorded. The glare ratio for the display space, the values can be converteutqu’) space using the
is then computed as following transformations:

GR=(Lg - Ly)/(L - Ly). (6) U =4x/(- 2x+12y+3), v/ =9y/(-2x+1+3); (7)

The veiling glare for a high fidelity display system should or
not change the contrast of a target pattern by more than 20%
with and without a bright surrounding. Thus, the luminance
from veilipg glare should not be more Fhan 25.% of the min_i— y= 120" /(180" - 48" + 36). ®)
mum luminance for the normal operating settings of the dis-

play. Since the ratio of the maximum luminance to the mini-Based on clinical experience, a color uniformity parameter of
mum luminance should be about 250, this implies a glaré.01 or less is necessary to assure acceptable color matching
ratio of 1000, which is typical of measurements made forof primary class grayscale display devices of a workstation.
transilluminated film. However, the recommended test patThe distance between any pair of color coordinates across
tern presents a scene with significantly more veiling glare irthe display area of each device should also not exceed this
the target region than is encountered in medical imagindimit. No quantitative requirements are specified for second-
scenes. Though not as strict criteria which may not beary class displays.

achievable by certain display technologies, TG18 recom-

mends a glare ratio grgater than 4OQ and 150 for primary anf, | miscellaneous Tests

secondary display devices, respectl\félff.3

x=27u'/(18U" - 48" + 36),

In addition to the primary display attributes described
) o above, there are a number of secondary attributes that may
IIl.H. Display Chromaticity need to be addressed in a full display performance evalua-
In display devices, chromaticity refers to the intrinsic tion. Those include video artifacts, moiré artifacts, color ar-
magnitude and uniformity of color tint of the device when tifacts, physical defects, flicker, and electronic cross talk.
displaying a monochrome image. In monochrome CRTsBrief descriptions and assessment methods for these charac-
color tint is dictated by the phosphor type, and can varyeristics are outlined in the TG18 report.
slightly from monitor to monitor. In LCDs, color tint is dic-
tated by the color temperature of the backlight. Color tint isj||.J. Overall Evaluations
usually considered a preference issue. However, it can be a
cause of distraction, especially in multiple monitor worksta-
tions where the color tints are mismatched.

In addition to the testing of a display device for a specific
performance characteristic, the overall quality of a system
can be assessed using a comprehensive visual/quantitative
approach. Overall assessment can be based on any of the
IIl.H.1. Visual Evaluation TG18-recommended multipurpose test patterns. Each pattern

The visual assessment of color uniformity is performedShould be displayed with one display pixel representing each

using the TG18-UNSO test pattern. The pattern is displayed2d€ pixel and examined from a viewing distance of 30 cm.
on all the display devices associated with a workstation, and "€ findings can be correlated with the results of more fo-
the relative color uniformity of the displayed pattern acrossCUSed testing methods specified above and serve as a basis
the display area of each display device and across differefp’ quality control assessments. The frequency of such an
display devices is discerned. No significantly perceivablé’ivaluat'on is discussed in Sec. 6 of the full _report. Evalua-
color differences should be present among display devicedOns based on TG18-QC and TG18 anatomical patterns are
and across the display area of each device for primary clagdtlined below.

devices. No requirements are specified for secondary class

displays. I11.J.1. Evaluations using TG18-QC Pattern
The appearance of the elements in the TG18-QC test pat-
Ill.H.2. Quantitative Evaluation tern[Fig. 1(a)] can be used to assess the overall performance

The TG18-UNLEO test pattern is displayed on all the dis-Of @ diSPlay system. The following are recommended:

play devices associated with a workstation. A colorimeter isl. General image quality and artifacts: Evaluate the overall
then used to measure th@’,v’) color coordinates at the appearance of the pattern. Note any non-uniformities or
center and at the four corners of the display area of each artifacts, especially at black-to-white and white-to-black
display device, and these coordinates averaged to produce a transitions. Verify that the ramp bars appear continuous
mean(u’,v’) chromaticity measurement for the display de- without any contour lines.

vice. The measurements on all display devices are used @& Geometric distortion: Verify that the borders and lines of
compute the color uniformity index as the maximum dis- the pattern are visible and straight and that the pattern
tance in(u’,v’) space between any possible pair of average appears to be centered in the active area of the display
(u’,v") points usingd=((u;—u5)?+(v;—v45)?*2. If the colo- device. If desired, measure any distortions.
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TasLE VIII. Criteria for evaluating the TG18 anatomical images.

Test pattern Evaluation criteria

TG18-CH Degree of difficulty for exam
Overall contrast
Overall sharpness
Symmetrical reproduction of the thorax, as shown by the central position of a spinous process
between the medial ends of the clavicles
Medial borders of the scapulae
Reproduction of the whole rib cage above the diaphragm
Visually sharp reproduction of the vascular pattern of the lungs, particularly the peripheral vessels
Sharp reproduction of the trachea and proximal bronchi
Sharp reproduction of the borders of the heart and the aorta
Sharp reproduction of the diaphragm
Visibility of the retrocardiac lung and the mediastinum
Visibility of subdiaphragmatic features
Visibility of the spine through the heart shadow
Visibility of small details in the whole lung, including the retrocardiac areas
Visibility of linear and reticular details out to the lung periphery

TG18-KN Degree of difficulty for exam
Overall contrast
Overall sharpness
Reproduction of trabecular detail
Reproduction of bony and soft tissue

TG18-MM1 and TG18-MM2 Degree of difficulty for exam
Overall contrast and brightness
Overall sharpnes@o blur
Sharp appearance of Cooper’s ligaments
Structure of the clip and the presence of the gap at its &p&48-MM1 only)
Appearance and visibility of subtle microcalcificatiofis18-MM1 only)
Visibility of structures at the margins of the bre&$G18-MM1 only)

3. Luminance, reflection, noise, and glare: Verify that allradiograph, and two digital mammograms. Clinical criteria
16 luminance patches are distinctly visible. Measurefor evaluating these images are given in Table VIII. The
their luminance using a luminance meter if desired, andmages may be scored according to these criteria correspond-
evaluate the results in comparison to the DICOM GSDFing to the different image features. The radiologist who
Verify that the 5% and 95% patches are visible. Evaluatevishes to evaluate his/her display should independently rate
the appearance of low contrast letters and the targets #te image features according to the criteria in Table VIII,
the corners of all luminance patches with and withoutthen compare their ratings to those obtained with a high-
ambient lighting. quality transilluminated film print of the patterns. Significant

4. Resolution: Evaluate the Cx patterns at the center andiscrepancies need to be brought to the attention of the re-
corners of the pattern and grade them compared to theponsible medical physicist or service engineer.
reference score. Also verify the visibility of the line-pair
patterns at the Nyquist frequency at the center and coV. CONCLUSIONS

ners of t'he pattern, and if deswed,.measure thg lumi- Electronic display is a key component of medical imaging
nance dlffere_nce between the vertical and hor'Zomagystems as it serves as the final element of the imaging chain.
high-modulation patterns. Due to hardware variability and degradation over time, it is
important to assure that a medical display system is appro-
. . ) priate for the intended medical application and that its per-
ll1.J.2. Evaluations using Anatomical Images formance is stable over time. Acceptance testing and quality
A radiologist should evaluate the overall clinical image control testing of medical display devices are essential re-
quality of the display using patient images. The TG18 reporguirements for high-quality medical practice. The guidelines
suggests four specific anatomical images for this purposesstablished by the AAPM Task Group 18 delineate specific
TG18-CH, TG18-KN, TG18-MM1, and TG18-MMZ®Figs. testing procedures and acceptance criteria for that purpose
1(n—(u)]. These correspond to a chest radiograph, a knethat can be readily implemented in a clinical setting.
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