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Abstract

Regular and precise inspection of the realization of the local nuclear medicine
standard operation procedures (SOPs) is very complex and time-consuming,
especially when large amount of patient data is obtained from a wide scale of
different scan procedures on a daily basis. DICOM metadata comprise a complete set
of data related to the patient and the imaging procedure, and consequently all
information necessary to evaluate the compliance with the actual SOP.

Methods: Q-Bot, an automatic DICOM metadata monitoring tool which is capable to
verify SOP conformities, was tested for 11 months at two nuclear medicine
departments. Relevant parameters, such as patient ID, patient mass and height,
injected activity, and uptake time, were investigated in the case of adult 18F-FDG
whole-body PET/CT and 99mTc-MDP gamma camera bone scans on a daily basis. Q-
Bot automatically inspected the actual SOP compliance of these relevant DICOM
parameters. Q-Bot graphical user interface (GUI) provided a summary of the outliers
in a table format to be investigated by a dedicated technologist. In addition,
information related to the error handling was also collected for retrospective analysis
of long-term tendencies.

Results: In total, 6702 PET/CT and 2502 gamma camera scans were inspected, from
which 8581 were confirmed as valid patient study without errors. Discrepancies
related to the lack of a parameter, not appropriate format, or improper scan
procedures were found in 623 cases, and 156 out of these were corrected before the
medical reading and reporting. SOP non-conformities explored with Q-Bot were
found to be non-correctable in 467 cases. Systematic errors to our practice turned
out to be the manual radiopharmaceutical injection, the allowance to use both SI
and non-SI units, and the clear definition of decimal point symbol to use.

Conclusion: The daily evaluation of Q-Bot results provided early detection of errors
and consequently ensured the minimization of error propagation. Integration of a
QM software that inspects protocol compliance at a nuclear medicine department
provides significant support to detect non-conformities for technologists, and much
higher confidence in image quality for physicians.

Keywords: 18F-FDG PET/CT, 99mTc-MDP Bone Scan, DICOM Metadata, Protocol
compliance, Quality management
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Introduction
Quality management (QM) plays an essential role in the nuclear medicine clinical

workflow, driven by the desire for high diagnostic accuracy standards. A well-

established QM program would minimize the risk of unnecessary patient dosage, se-

cure the optimal image quality, and provide reliable reconstructed image data for quan-

titative measures. QM has two fundamental components to comply with these

purposes, the process of quality assurance (QA) and quality control (QC) tests. While

QA should always be a proactive system, aimed to prevent procedural errors and fail-

ures of equipment, it needs to regularly observe the systematic processes as well. On

the contrary, QC tests have the essential role of identifying unacceptable errors that

may occur during normal operations. International standards for medical equipment

were introduced for QM purposes [1], as well as recommendations and guidelines be-

came available for the standardization of patient examination protocols for both PET/

CT [2, 3] and conventional nuclear medicine techniques [4]. The scope of these guide-

lines is to comprehensively describe the optimal workflow from the patient registration

to the medical report. In accordance with these guidelines, each nuclear medicine cen-

ter may implement adequate protocols tailored to their own operation. These protocols

as part of the local QA include standard operation procedures (SOPs) for the optimal

workflow and for the case of unexpected events as well. Harmonization efforts focusing

on multicenter trials have increased in the recent years, recommending strict QC phan-

tom measurements to minimize bias in quantitative measurements [5–12]. The occur-

rence of procedural mistakes can be minimized in the daily routine with standardized

protocols; however, by nature, these errors are inevitable. Longitudinal studies aiming

to explore temporal consistency highlighted variations in SPECT system stability [13],

as well as standardized uptake value (SUV) of 18F-FDG PET/CT [14–17], showing fluc-

tuations related to several sources including dose calibrator accuracy [18]. These inves-

tigations, however, deal only with instrumentation and are not considering errors

related to human sources, inappropriate patient logistics, or instable instrumentation.

Digital Imaging and Communications in Medicine (DICOM) became the most widely

used medical image format even in nuclear medicine. DICOM images consist of two

parts: (1) the medical image information (slices or series of images) and (2) the so-

called metadata or header, including information about the patient, radiopharmaceuti-

cal, scanner settings, and the reconstructed image-related parameters. Several applica-

tions have recently been developed that allows for monitoring and retrieving DICOM

header information, which makes it possible to generate statistics related to a specific

modality or generic features in a modality-independent way [19–22]. Moreover, radi-

ation exposure monitoring of patients using DICOM information was also introduced

[23–26] including the possibility to detect irregular radiation doses in the case of CT

and digital coronary angiography (DCA) procedures. In addition, highlighted DICOM

metadata elements are recommended to be monitored regularly to verify the appropri-

ate use of SUV as an imaging biomarker when considering a successful multicenter

PET/CT study [27]. Similar criteria may apply for other widely used quantitative mea-

sures such as metabolic tumor volume (MTV) or total lesion glycolysis (TLG). The ra-

tionale of longitudinal check of patient scan parameters using the metadata

information of DICOM files arises from the need to verify protocol compliance. Hris-

tova et al. [27] reported a list of important DICOM metadata elements containing the
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parameters, which strongly affect the correct use of imaging biomarkers. The monitor-

ing of these parameters with a user-friendly application is therefore desirable. In this

work, we present a software tool named the Quality Management Bot (Q-Bot), which is

capable to automatically monitor DICOM metadata and perform evaluations in the as-

pect of QM focusing on nuclear medicine studies. By using header information re-

trieved from real patient DICOM files, the presence of errors in the clinical workflow

as reflected in the metadata can be detected. On the other hand, all patient examina-

tions which did not include the errors mentioned above are certified. The Q-Bot was

introduced in the routine clinical workflow of two nuclear medicine departments and

monitored DICOM records for several months. In this paper, we present the most rele-

vant clinical use of Q-Bot that may provide valuable information to other nuclear medi-

cine centers as well.

Materials and methods
The metadata in the header of the DICOM images include information about the pa-

tient, the applied radiopharmaceutical and its administration, the scanner acquisition

settings, and the reconstructed image-related parameters. The metadata regularly in-

cludes data elements, and each of them has an identifying code (i.e., DICOM tag) and

an actual value as indicated in Fig. 1. The DICOM tag can uniquely identify the corre-

sponding data element. Picture Archiving and Communication System (PACS) servers

are available for a user-friendly management and storage of DICOM files. General pur-

pose DICOM clients and browsers provide direct access only to a limited subset of the

DICOM metadata.

Thus, performing a query on DICOM files stored on a PACS server with a complex

filtering condition based on arbitrary DICOM tags is generally not possible. Further-

more, to read the value of a not directly accessible tag, the corresponding DICOM files

have to be downloaded before reading. In order to make all DICOM tags directly avail-

able for QM monitoring, we used a Non-Structured Query Language (NoSQL) database

as a way to handle DICOM metadata originating from various imaging scanners of two

clinical sites. This method allowed us to have a direct access to all standard and private

tags of DICOM images stored on our PACS servers paving the way to create a QM

monitoring tool and perform long-term statistical analysis. In this study, a DICOM tag

database was used with the potential of storing all the metadata with arbitrary structure

Fig. 1 A DICOM file consists of image data and metadata. The metadata is a set of data elements each
including identifying DICOM tag and a corresponding value
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and without any modification. The database was continuously synchronized with PACS

data on a regular basis for consistency. Q-Bot monitors DICOM tags in the synchro-

nized database with respect to patient information (e.g., patient ID, weight and height,

age), applied radiopharmaceutical (e.g., radionuclide, injected amount of radioactivity,

measurement, and injection time), and acquisition parameters (e.g., scan start, time per

bed position, acquired counts). The data flow from PET and SPECT scanners to the Q-

Bot user interface is shown in Fig. 2. The Q-Bot software consists of five main compo-

nents: DICOM tag database, query module, evaluation module, validation registry, and

a graphical user interface.

Query module

After creating the DICOM tag database, the query module collects only a set of param-

eters with regard to the study of interest (also referred to as the data aggregation

process) and performs name standardization, since different vendors may call the same

study type differently. A configuration file defines this process, and the final result is a

simplified and consistent data table, where each row contains primary parameters of a

specific study of a single patient. As a next step, the query module extends the output

table with further parameters calculated from the primary ones, such as radiopharma-

ceutical uptake time, injected amount of activity normalized to body weight, or the

body mass index (BMI).

Evaluation module

The evaluation module inspects the output table of the query module row by row

using an RStudio script as it follows. Parameters in each row were categorized into

three groups: patient-specific, study-specific, and patient- and study-specific

Fig. 2 Data flow from the image data acquired on the scanners to the Q-Bot software tool. The Q-Bot
consists of five main components: the DICOM tag database, the query module, the evaluation module, the
validation registry, and the graphical user interface. The results of the evaluation are recorded in the
validation registry, and these records are managed via the user interface

Nagy et al. EJNMMI Physics            (2021) 8:28 Page 4 of 13



parameters. Patient-specific quantities included patient ID, height, weight, BMI, and

age. In Hungary, the patient ID includes nine digits, where the last number is gen-

erated with a specific combination of the first eight numbers (i.e., applying a

checksum). Therefore, taking into consideration this ID generation method, the

correctness of patient ID was easily monitored. The validity of some patient-

specific parameters (e.g., patient height, patient weight) was not directly verifiable;

however, we set reasonable limits for derived quantities (e.g., 15 < BMI < 50), and

the evaluation gave warning message in case these limits were exceeded. The radio-

pharmaceutical uptake time fell into the study-specific category, while the injected

amount of radioactivity and the acquisition time duration were patient- and study-

specific parameters. In the case of these two categories, the R script identified the

study procedure and the scanner model for each row of the query module output

table and called the values of the appropriate parameters stored in the output

table. Then, these parameter values were compared to the reference values defined

in the actual SOP. Uptake time, injected amount of radioactivity, and the acquisi-

tion time duration may have specific values for the actual study type (i.e., bone

scintigraphy or 18F-FDG whole-body PET/CT). Injected radioactivity and the acqui-

sition time duration vary from scanner to scanner even in case of the same study

type. The SOP specifies the injected amount of activity, the name of the acquisi-

tion protocol, the expected uptake time, and some further acquisition-specific pa-

rameters such as acquisition time per bed position. As an example, the required

injected activity for 18F-FDG whole-body examination of an adult was defined to

be 3.5 MBq/kg for the AnyScan PET/CT at our clinic. In the evaluation step, a

subpopulation of the examinations was queried for including only the 18F-FDG

whole-body examinations of adult patients scanned on the scanner mentioned

above. For these patients, the calculated injected activity per body weight had to

meet the SOP criteria (3.5 MBq/kg) with a given ± 10% tolerance limit.

Validation registry

As a result of the evaluation, the R script inserted a record for each of the inspected pa-

rameters into the validation registry and that consequently appeared on the GUI as can

be seen in Fig. 3. One record of the validation registry consists of the parameter name

and value, additionally the corresponding study and patient information for the unam-

biguous error identification. Whether the parameter was in or out of the specified

range, a “certified” or “warning” label was added to the record.

Graphical user interface

The graphical user interface was designed for listing and managing the records of the

validation registry as displayed in Fig. 3. This platform helps to get a quick overview of

the errors and support the quick identification and response of the problematic exami-

nations. Patient name and patient ID columns have importance to identify the scan;

however, these are omitted from Fig. 3 to be compliant with the European Union Gen-

eral Data Protection Regulation [28]. Three extra editable fields are included in each

record: “Error Found,” “Error Status,” and “Comment.” These categorical fields are

filled by a specially trained or dedicated technologist after the review of the record and
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the corresponding DICOM metadata. The “error” field is “TRUE” if the detected error

was real, otherwise “FALSE” meaning an unjustified warning message. In the “cor-

rected” field, one may select the values “TRUE,” “FALSE,” or “NON_CORRECTABLE.”

The “comment” field could be set to predefined categories describing the source of

error, such as “human error,” “test measurement,” “camera error,” “injector error,”

“minimum dose,” “maximum dose,” “non-reimbursed patient,” “qbot error,” and “else.”

Clinical use of Q-Bot

The Q-Bot was integrated into our clinical routine in the beginning of the year 2019 at

two nuclear medicine departments (ScanoMed Debrecen and ScanoMed Budapest)

with three 18F-FDG EARL accredited PET/CT systems. One of the two nuclear medi-

cine departments, ScanoMed Debrecen, was European Union of Medical Specialists–

European Board of Nuclear Medicine (UEMS-EBNM)-accredited as well. Q-Bot was in-

stalled on a dedicated research workstation operated by a technologist with a complete

insight into the entire clinical workflow. The patient study validation and error hand-

ling process was performed on a daily basis, by inspecting all problematic studies from

the examinations of the day before displayed on the GUI. After the inspection of the

Q-Bot validation registry, the additional fields (error found, error status, comment)

were filled by the dedicated technologist. Since the investigated records were related to

the examinations performed a day before, the identifications and corrections were per-

formed prior to the medical reading and reporting by our nuclear medicine specialists.

This is due to our usual clinical practice of performing the image interpretation and

reading more than 24 h after the scan was performed.

Beyond the daily error management described above, error data compilation was per-

formed on a regular basis. This explorative data analysis of the questionable patient

studies was carried out with the RStudio statistical program operating directly on the

elements of the validation registry. This task was performed by a medical physicist with

experience in data analysis. Task-based query and plots were configured in RStudio,

Fig. 3 Graphical user interface for listing and supervising records in the validation registry of Q-Bot. The
three fields on the right are to be filled out after auditing the actual warning message
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and due to the data analysis and visualization, a more robust and intuitive overview

was carried out. The number of deviations from the SOPs was counted, and frequencies

were calculated for each parameter as the number of the errors divided by the total

number of studies for 18F-FDG whole-body PET/CT and 99mTc-MDP gamma camera

bone scans respectively. The explorative approach of Q-Bot regularly includes discus-

sions with an experienced nuclear medicine physician or technologist to evaluate and

interpret the systematic results.

Results
Experiences from the daily evaluation

Nine thousand two hundred four patient scans (6702 PET/CT and 2502 gamma cam-

era) were inspected between the 3 January and 20 November 2019. In total, 8581 scans

were confirmed as valid patient study (i.e., no errors found) regarding the patient ID,

the BMI (patient weight and height), uptake time, injected activity, and time per bed

position (for PET only). The summary of error occurrences in the investigated time

period is displayed in Table 1 in accordance with the monitorized parameters for both

PET/CT and gamma camera examinations.

Errors and discrepancies due to the lack of a parameter or not appropriate format or

improper scan procedures were found in 623 cases (233 for PET/CT and 390 for

gamma camera). Out of these, 156 errors were corrected before the interpretation and

reporting by the nuclear medicine physician. It is important to emphasize that only the

errors caused by mistyping can be corrected after the scan. Risk points resulting from

these errors in our routine workflow were found to be the parallel appearing SI and

non-SI units (kg and lb, mCi and MBq, m, and ft) displayed on the scanner graphical

user interface or printed on the patient examination form. In addition, the decimal

place symbol (column or point) also infers the potential to introduce errors in the

examination routine. Q-Bot explored non-correctable, thus permanent deviations in

467 cases. The relative frequencies of the non-correctable errors are displayed in Fig. 4

for our gamma camera department and two PET departments separately.

Explorative data analysis

Beyond the daily DICOM metadata evaluation carried out with the Q-Bot by the dedi-

cated technologist, comprehensive inspection of the database parameters was also

Table 1 Descriptive statistics of the errors in 18F-FDG whole-body PET/CT and 99mTc-MDP bone
examinations

Parameter 18F-FDG whole-body PET/CT 99mTc-MDP bone

Number Frequency Number Frequency

Total number of studies 6702 2502

Injected activity 102 1.5% 323 11.9%

Actual frame duration 39 0.6% n/a n/a

Uptake time 36 0.5% 51 1.9%

Patient ID 31 0.5% 7 0.2%

BMI 25 0.4% 9 0.3%

Total 233 3.5% 390 14.3%
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performed from the aspects of long-term stability and scanner equivalence. Targeted

questions were investigated and even subtle changes were observed. Figure 5a displays

the weekly distribution of the amount of injected 18F-FDG activity per kilogram body

weight in case of whole-body adult patient scans on one of our PET/CT systems (Phi-

lips Gemini 64 TF). Whisker box plot visualization of the uptake time can be seen in

Fig. 5b together with the SOP-defined limits (green lines) and revealed non-

conformities (indicated in red). Comparison of the three SPECT systems from the as-

pect of counts acquired in case of 99mTc bone scans is displayed in Fig. 6a, b. This fig-

ure confirmed the similar sensitivity of our three SPECT scanners. Moreover, in Fig.

6c, d, one may observe that the currently applied patient logistics assure the proper

injected activity and uptake time for all three scanners.

Discussion
QM in nuclear medicine aims to ensure the efficiency and reliability of the clinical

practice, including image quality and optimal patient dose. Available international prac-

tical guidelines [2, 4] support the formation of local SOPs, adding up to the definition

of individual patient examinations. Participation in multicenter studies necessitates

additional SOPs resulting in harmonized image quality between imaging sites [5, 7, 8].

Furthermore, the level of QM of nuclear medicine centers can be evaluated (and even-

tually certified) through advanced clinical accreditation programs provided by inter-

national organizations [5–8, 10–12, 29–31]. Even with SOPs tailored well to the

relevant regulations and recommendations mentioned above, appropriate QM has to

ensure the compliance with these documents as well. The regular and precise inspec-

tion of the occurrence of errors and interruptions the nuclear medicine technologists

facing in daily clinical practice is very complex and time-consuming [32], especially

when large amount of patient data is obtained from a wide scale of different scan pro-

cedures on a daily basis. A software tool offering an advanced solution to perform this

task would be very beneficial and effective. DICOM headers comprise a near-complete

set of data related to the patient and the imaging procedure, and consequently all infor-

mation necessary to evaluate the compliance with the actual SOP.

In this study, we presented an automatic DICOM metadata monitoring tool, the Q-

Bot, which is capable to verify SOP conformities. Q-Bot was initiated at two nuclear

medicine clinics in the beginning of January 2019, and since then the software monitor-

ized more than 9000 patient scans including adult 18F-FDG whole-body PET/CT and
99mTc-MDP gamma camera bone scans. Relevant parameters, such as patient ID,

Fig. 4 Summary relative frequencies of non-correctable errors in bone scans (a)—313 cases—and in 18F-
FDG whole-body PET-CT (b)—154 cases
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patient mass and height, injected activity, and uptake time were investigated on the

conducted patient scans on a daily basis. The Q-Bot automatically evaluated the

DICOM metadata of each patient scan by comparing the appropriate values of the

inspected DICOM tags to the reference values defined in the local SOPs. The Q-Bot

graphical user interface (GUI) provided a summary of the outliers in a table format

(Fig. 3) to be investigated by the dedicated technologist. Moreover, this GUI comprised

some extra input fields to collect additional information related to the error handling

(error status, source of error, etc.). Both the registered outliers and feedback of tech-

nologist were saved in the validation registry, opened a way to retrospectively explore

Fig. 5 Whisker box plot visualization of injected activity (a) and uptake time (b) data compiled by the Q-Bot
tool for 18F-FDG whole-body adult patient scans carried out on one of our PET/CT systems (Philips Gemini
64 TF)
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long-term tendencies. The daily evaluation of the Q-Bot results provided early detec-

tion of errors and consequently ensured the minimized risk of error propagation. Each

problematic patient study was reviewed and corrected or clearly marked prior to the

medical reading and reporting, and also prior to sharing the diagnostic images with the

patient or with the referring physician.

Mistyped patient ID makes the start of medical reporting complicated due to the

extra time necessary to identify the study. Furthermore, if a follow-up study was per-

formed, one of the patient examination series could be easily overlooked by the phys-

ician. Typographical entry errors related to the body weight, height, injected activity,

and time cause distortion in the quantitative measures (e.g., SUV, MTV, TLG in case

of 18F-FDG PET studies [14]) and give an impression that the scan was performed in-

accurately. These errors can be identified by performing the daily Q-Bot routine study

validation. The short- or long-term visualization of the observed deviations from the

SOPs helped to discover systematic errors related to critical elements of the clinical

workflow. In our practice, manual radiopharmaceutical injection, allowance to use both

SI and non-SI units, and omission prescribing the decimal point symbol to use turned

out to be characteristic types of systematic errors. The occurrence of these errors can

be minimized by appropriate staff training and making patient documentation straight-

forward. The relative frequencies of errors for each inspected parameter are summa-

rized in Table 1, while Fig. 4 focused only on non-correctable errors in PET and

Fig. 6 Comparison of three AnyScan SPECT systems from the aspects of total counts of anterior and posterior
images acquired (a, b), injected activity (d), and uptake time (c) related to 99mTc-MDP bone scans
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gamma camera studies. The number of errors detected in case of 99mTc-MDP bone

scans (Fig. 4a) was much higher than that of 18F-FDG whole-body PET scans (Fig. 4b).

The reason behind this was related to an error in our SOP that ordered a total injected

activity range of 500–600 MBq independently from body weight, and it was erroneously

assumed to result in the 5–10 MBq/kg in all cases evaluated/monitorized by Q-Bot.

A representative distribution of injected 18F-FDG activity per kilogram body weight

over a period of 9 months is displayed in Fig. 5a. It reveals time periods in 2019 (e.g., 2

weeks in March), with higher median values and lower precision compared to other

time periods. However, these values still remained within the SOP defined ± 10% toler-

ance limits (indicated with green lines in Fig. 5a).

These fluctuations were induced by substituting the automatic activity dispenser with

manual injection caused by various reasons (e.g., no injector kit supply or not optimal

radioactivity concentration of the received 18F-FDG stock solution). Box and whisker

plot visualization of the uptake time displayed in Fig. 5b together with the SOP defined

limits (green lines) also revealed non-conformities (indicated in red). Figure 6 clearly

proves the equivalence of three SPECT systems in our laboratory with regard to the

total accumulated counts (panels a and b) as well as the injected activity and the time

regime of the scans.

As an example, the two most frequently performed procedures (adult 18F-FDG

whole-body PET/CT and 99mTc-MDP bone scans) were examined in this work. Simi-

larly, the same kind of analysis methodology and visualization (Figs. 5 and 6) would

allow documentation of the compliance with the specific local SOP of the data entered

in routine nuclear medicine examinations at any laboratory. The same kind of control

carried out manually would be extremely time-consuming which underlines the effi-

ciency and power of the Q-Bot. The daily evaluation feature of this tool means a retro-

spective analysis and offers the possibility to react on revealed warning messages. A

more effective solution could draw attention on the fly to inappropriate patient data,

scanning parameters, acquired data making possible the immediate response. Operation

of the Q-Bot requires standardized protocol names (i.e., study and series descriptions)

and a comprehensive set of SOPs.

Conclusions
The integration of a QM software at a nuclear medicine department inspecting proto-

col compliance provides significant support for technologists to detect non-

conformities, and much higher confidence in image quality for the physicians. For this

purpose, we developed Q-Bot an automatic DICOM metadata monitoring tool and

demonstrated the application and usefulness of this software in the clinical setting

through the examples of some representative study types. Continuous operation of this

kind of software would enable the detection of both systematic and random errors.

Thus, it would improve diagnostic accuracy in the field of nuclear medicine.
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