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Abstract

Background/Objectives: Parathyroid imaging is used for preoperative localization rather
than biochemical diagnosis. Conventional planar and SPECT-based scintigraphy may
yield equivocal reports when thyroid activity obscures lesion localization. This study
evaluated whether combining software-assisted subtraction imaging with ultrasound-
correlated interpretation improves reporting certainty and reduces ambiguity. Methods:
This prospective reporting study included 96 consecutive patients referred for parathyroid
scintigraphy because of biochemical or clinical suspicion of primary hyperparathyroidism.
Each anonymized imaging dataset was evaluated by two independent consensus reader
pairs using different interpretation strategies. The control arm (CTRL) used conventional
dual-time-point Tc-99m sestamibi planar and SPECT images with Tc-99m pertechnetate
thyroid images. The intervention arm (INT) additionally used software-assisted sub-
traction images and ultrasound-correlated interpretation. Endpoints included suspected
parathyroid adenoma (PTA)-positive reporting, certainty, clinically actionable localization,
high-confidence localization, and non-actionable reporting. Surgical/pathological reference
localization was available in 22 operated patients. Results: INT increased PTA-positive
reporting compared with CTRL [82/96 (85.4%) vs. 53/96 (55.2%), p < 0.001]. Median
certainty increased from 1 (IQR, 0–2) to 3 (IQR, 1–3) (p < 0.001). Clinically actionable
localization increased from 32/96 (33.3%) to 68/96 (70.8%) (p < 0.001), and high-confidence
localization increased from 17/96 (17.7%) to 55/96 (57.3%) (p < 0.001). Non-actionable
reporting decreased from 64/96 (66.7%) to 28/96 (29.2%). In the operated subgroup, correct
localization was higher with INT [20/22 (90.9%) vs. 12/22 (54.5%), p = 0.008]. Conclu-
sions: Software-assisted subtraction imaging, when combined with ultrasound-correlated
interpretation, improved the clinical usability of conventional parathyroid scintigraphy by
increasing reporting certainty, reducing ambiguity, and improving actionable localization.
Reference-based findings were supportive, and ongoing follow-up is expected to provide
surgical/pathological confirmation for robust diagnostic accuracy analyses.
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1. Introduction
Primary hyperparathyroidism is diagnosed biochemically, whereas imaging is primar-

ily used to localize hyperfunctioning parathyroid tissue and guide the surgical approach.
Accurate preoperative localization facilitates focused or minimally invasive parathyroidec-
tomy and may reduce the extent of surgical exploration [1]. In recent years, parathyroid
imaging has increasingly shifted toward PET/CT-based approaches. F-18 fluorocholine
PET/CT has demonstrated superior diagnostic performance and lesion localization com-
pared with cervical ultrasonography and Tc-99m sestamibi-based scintigraphic methods,
including in patients with negative, equivocal, or discordant conventional imaging [2,3].
More recently, novel PET tracers, such as Ga-68 Trivehexin, have also shown promising
lesion detection rates and have further emphasized the potential role of PET/CT in the
localization of hyperfunctioning parathyroid tissue [4].

However, despite these promising results, PET/CT-based parathyroid imaging is
not uniformly available in routine clinical practice. F-18 fluorocholine PET/CT requires
PET/CT infrastructure, radiopharmaceutical availability, regulatory approval, and reim-
bursement coverage. Although recent data support its diagnostic superiority and possible
workflow advantages, the broader implementation of F-18 fluorocholine PET/CT may still
be limited by higher cost, local availability, reimbursement issues, and off-label or licensing
considerations [3,5,6]. Although F-18 fluorocholine PET/CT currently provides the high-
est diagnostic performance, cervical ultrasonography and Tc-99m sestamibi scintigraphy
remain among the most available and commonly used localization modalities in clinical
practice, while the cost and limited availability of PET imaging may restrict its widespread
first-line implementation [1].

Another important practical issue is the availability of hybrid SPECT/CT. SPECT/CT
improves anatomical localization compared with planar or stand-alone SPECT imaging,
and current guidelines recommend at least one SPECT(/CT) acquisition whenever pos-
sible [6]. However, in centers where conventional SPECT is available but SPECT/CT is
not, anatomical correlation must often rely on high-resolution cervical ultrasonography.
Cervical ultrasonography is a widely available, low-cost, and non-invasive modality that
provides detailed anatomical assessment of the thyroid bed and surrounding cervical
structures. Nevertheless, its diagnostic performance is operator-dependent and may be
reduced in the presence of ectopic glands, concomitant nodular thyroid disease, previous
neck surgery, multiglandular disease, or small lesions [7]. Parathyroid lesions may also be
difficult to distinguish from thyroid nodules, cervical lymph nodes, or other perithyroidal
structures because of overlapping morphological features [7,8]. Thyroid nodules may retain
sestamibi in a pattern similar to that of parathyroid adenomas, making complementary thy-
roid imaging and anatomical correlation important for avoiding equivocal or false-positive
interpretations [9]. Accordingly, ultrasonography may be most valuable when used as a
complementary anatomical tool rather than as a stand-alone localization method. Corre-
lation of scintigraphic findings with ultrasonographic morphology and vascular patterns
may improve lesion characterization, clarify the relationship of a suspected focus to the
thyroid gland, and reduce uncertainty in anatomically equivocal cases [7,10].

The performance of sestamibi-based parathyroid imaging is influenced not only by
the imaging modality itself, but also by protocol selection, reader expertise, the use of
dual-tracer or dual-phase strategies, and correlation with complementary anatomical
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imaging. The wide variation in reported performance across centers therefore suggests that
optimization of conventional workflows remains clinically relevant even in the PET/CT
era [9].

The increasing availability of PET/CT-based alternatives may have unintentionally
reduced attention to optimization of conventional sestamibi-based workflows. Subtraction
imaging has long been proposed to improve the distinction of parathyroid activity from
adjacent thyroid tissue, while targeted high-resolution ultrasonography may increase con-
fidence when scintigraphic findings are equivocal [11]. More recent studies have further
shown that dual-tracer subtraction protocols and combined ultrasonography–sestamibi
approaches can improve lesion localization and diagnostic performance in primary hy-
perparathyroidism [10,12,13]. This raised a practical clinical question in our department:
whether systematic use of these additional tools still provides meaningful interpretive
value in the current PET/CT era.

Therefore, this prospective consensus reader-comparison study evaluated whether
adding software-assisted subtraction and ultrasound-correlated interpretation to conven-
tional parathyroid scintigraphy improved reporting certainty, reduced interpretive ambi-
guity, and increased clinically actionable localization. To our knowledge, this is the first
prospective reporting study to assess the incremental value of this combined approach
primarily in terms of reporting certainty, interpretive ambiguity, and clinically actionable
localization rather than classical diagnostic accuracy.

2. Materials and Methods
2.1. Study Design and Patient Cohort

This was a prospective, blinded, two-group consensus-reader comparison study de-
signed to evaluate the incremental contribution of software-assisted subtraction imaging,
combined with ultrasound-correlated interpretation, in parathyroid scintigraphy. The
primary focus of the study was not definitive diagnostic accuracy, but the effect of the
additional interpretation strategy on reporting confidence, interpretive certainty, and ambi-
guity reduction.

Consecutive patients referred for parathyroid imaging because of biochemical or
clinical suspicion of primary hyperparathyroidism between March 2025 and April 2026
were considered for inclusion. Each patient underwent routine dual-tracer parathyroid
scintigraphy, including Tc-99m pertechnetate thyroid imaging and dual-time-point Tc-99m
sestamibi parathyroid imaging. Clinical and biochemical parameters, including serum
calcium, corrected calcium, phosphorus, parathyroid hormone, and vitamin D levels, were
recorded when available. Genetic testing for multiple endocrine neoplasia type 1 (MEN1)
was not performed as part of the study protocol, and MEN1 mutation status was not
systematically available for the study cohort.

All datasets were anonymized before interpretation. Patient identifiers were removed,
and the imaging studies were evaluated at the protocol level as observations.

2.2. Reporting Arms and Blinding

The study compared two interpretation strategies applied to the same patient cohort.
The imaging studies were evaluated by four nuclear medicine physicians, who were divided
into two independent consensus reader groups.

The control reporting arm consisted of two nuclear medicine physicians who inter-
preted the cases together using only the conventional imaging dataset, including dual-
time-point Tc-99m sestamibi planar and SPECT images together with Tc-99m pertechnetate
thyroid images. This group did not have access to software-assisted subtraction images or
ultrasound-correlated findings.
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In routine departmental practice, the Tc-99m pertechnetate image was reviewed visu-
ally to delineate thyroid tissue, whereas formal software-assisted registration, normaliza-
tion, and digital subtraction were not performed systematically in every case. Accordingly,
the CTRL arm was designed to reflect this conventional interpretation workflow.

The intervention reporting arm consisted of two nuclear medicine physicians who
interpreted the same cases together using the full imaging dataset. This included the
conventional scintigraphic images, software-assisted subtraction images, and available
neck ultrasonography findings. In this arm, subtraction findings were evaluated together
with ultrasound correlation to support anatomical localization and lesion characterization.

The two consensus reader pairs were independent of each other and were blinded
to the other pair’s interpretations and to final reference information during the reporting
phase. Although the reader pairs were independent, the CTRL and INT observations were
matched at the patient level because both interpretation strategies were applied to the same
anonymized cases. Accordingly, comparisons between CTRL and INT were analyzed using
paired statistical methods.

2.3. Image Acquisition Protocol
2.3.1. Planar Scintigraphy and Subtraction Imaging

Parathyroid scintigraphy was performed using a GE MEDICAL SYSTEMS Tandem
Discovery 630 gamma camera (GE HealthCare, Waukesha, WI, USA). Patients were imaged
in the head-first supine position, and planar images were acquired over the neck and
upper mediastinum.

The planar protocol included a Tc-99m pertechnetate thyroid image acquired at 5 min,
followed by Tc-99m sestamibi planar imaging at 20 min and 120 min. Planar images were
acquired using a Tc-99m energy window of 126.45–154.55 keV and a 256 × 256 matrix. The
Tc-99m pertechnetate thyroid image was used for thyroid background assessment and for
software-assisted subtraction from the sestamibi dataset.

Software-assisted subtraction was performed on an Xeleris™ 4 DR nuclear medicine
workstation (GE HealthCare, Milwaukee, WI, USA). The 5-min Tc-99m pertechnetate
thyroid planar image and the early 20-min Tc-99m sestamibi planar image were loaded
into the same processing workflow. Because both images were acquired in the anterior
projection using the same matrix and acquisition geometry, their spatial correspondence
was initially assessed visually. Image alignment was adjusted when necessary using
the thyroid contours and adjacent anatomical landmarks. The pertechnetate image was
subsequently scaled to approximate the thyroidal count distribution on the sestamibi image
and subtracted from the sestamibi dataset. Image alignment and scaling were visually
verified and, when necessary, conservatively adjusted to minimize residual thyroid activity
while avoiding evident over-subtraction artifacts. The resulting subtraction images were
interpreted in conjunction with the original pertechnetate, sestamibi planar, and SPECT
images and were not used as stand-alone diagnostic images.

2.3.2. SPECT Acquisition

Early and delayed Tc-99m sestamibi SPECT acquisitions were obtained over the neck
region after the 20-min and 120-min planar images, respectively. Each SPECT acquisition
required approximately 10 min and was performed using the same gamma camera (GE
HealthCare, Waukesha, WI, USA) system with a low-energy, high-resolution parallel-hole
collimator. Tomographic acquisition was performed using a 128 × 128 matrix with a pixel
spacing of approximately 4.42 × 4.42 mm. A step-and-shoot acquisition was performed
over a 180◦ clockwise arc, starting at 270◦, with 30 projections, an angular step of 6◦, and

https://doi.org/10.3390/diagnostics16152379

https://doi.org/10.3390/diagnostics16152379


Diagnostics 2026, 16, 2379 5 of 21

10 s per projection. The DICOM metadata indicated correction for center of rotation, energy,
and uniformity.

2.3.3. Ultrasound Correlation

Neck ultrasonography correlation was performed using a LOGIQ P5 ultrasound sys-
tem (GE Healthcare, Milwaukee, WI, USA) with an 8L linear probe. The probe bandwidth
was 4–12 MHz. The Doppler function was not activated on the available ultrasound unit;
therefore, color or power Doppler assessment was not performed. Ultrasound correlation
was performed by a nuclear medicine physician/operator with 10 years of experience in
neck ultrasonography and parathyroid imaging correlation.

In the intervention arm, ultrasound data were used as a supportive anatomical corre-
late for the scintigraphic findings. The correlated parameters included lesion side, pole-level
localization, thyroidal or extrathyroidal relationship, mediastinal extension when present,
and sonographic lesion size when identifiable. Ultrasound findings were not used as an
independent reference standard for diagnostic accuracy; rather, they were incorporated
into the intervention interpretation strategy to determine whether multimodal correlation
improved reader confidence and reduced interpretive ambiguity.

2.4. Image Interpretation and Recorded Variables

For each reporting arm, the readers recorded the presence or absence of a suspected
parathyroid adenoma. When a suspicious lesion was identified, anatomical localization
was coded using predefined categories, including right upper pole, right middle pole,
right lower pole, left upper pole, left middle pole, left lower pole, lateral location, isthmic
location, intrathyroidal location, and mediastinal location.

A confidence-based diagnostic score was assigned for each positive interpretation
using a three-tiered system:

• A score of 1 indicated findings suggestive of parathyroid adenoma.
• A score of 2 indicated findings most likely representing parathyroid adenoma.
• A score of 3 indicated findings highly consistent with parathyroid adenoma.

Negative cases were coded separately as no suspicious lesion. Negative reports were
assigned a value of 0 for quantitative analyses. The PTA-Certainty Index was therefore
defined as 0 for negative reports and 1–3 for suspected parathyroid adenoma-positive
reports, according to the assigned confidence score. Clinically actionable localization was
defined as suspected parathyroid adenoma positivity with a certainty score ≥ 2, whereas
high-confidence localization was defined as suspected parathyroid adenoma positivity
with a certainty score of 3. Non-actionable reporting was defined as either suspected
parathyroid adenoma negativity or suspected parathyroid adenoma positivity with low
certainty. This scoring system was used to quantify the level of interpretive certainty rather
than to define histopathological truth. Therefore, upward movement in the confidence
category between the control and intervention arms was interpreted as increased reporting
confidence, whereas persistence in low-confidence or discordant categories was interpreted
as residual ambiguity.

2.5. Reference Information and Exploratory Validation

Surgical and histopathological findings were recorded when available. At the time
of data cutoff, 22 patients had undergone parathyroidectomy following routine clinical
evaluation and therefore had surgical/pathological reference localization. Among patients
without surgical reference, some were still awaiting surgery, whereas others had decided
not to proceed with surgery after clinical evaluation. Thus, the availability of surgical
reference reflected the timing of surgery and patient preference at the time of analysis.
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Because surgical confirmation was available only in this subset, the study was not designed
as a definitive diagnostic accuracy study. Accordingly, full patient-level diagnostic accuracy
metrics requiring both reference-positive and reference-negative patients, such as patient-
level specificity, negative predictive value, Youden index, and classical disease-detection
AUC, were not used as primary endpoints.

For non-operated cases, concordant clinical, biochemical, scintigraphic, ultrasono-
graphic, and follow-up information was recorded as supportive reference information
when available. These data were used for exploratory interpretation and descriptive
validation, particularly for cases with intervention-only positive findings or discordant
localization between reporting arms.

Operated patients with histopathological confirmation were analyzed descriptively as
a validation subset. This subset was used to contextualize the reporting findings but not to
redefine the primary study objective.

2.6. Outcomes

The primary outcome was the paired difference in diagnostic confidence between the
control and intervention reporting arms. The main analysis focused on whether software-
assisted subtraction with ultrasound-correlated interpretation increased the certainty of
reporting compared with conventional interpretation.

Secondary outcomes included the paired difference in PTA-positive reporting rate,
reduction in low-confidence or ambiguous interpretations, intervention-only positive find-
ings, control-only positive findings, localization-level discordance, and concordance be-
tween the two reporting approaches.

Additional exploratory outcomes included descriptive a comparison of operated and
non-operated cases, concordance of reported lesion localization with surgical or histopatho-
logical findings when available, and the distribution of confidence-score transitions between
the two reporting arms.

2.7. Statistical Analyses

All statistical analyses were performed using R statistical software version 4.6.0. Data
import, cleaning, and preprocessing were performed using the readxl, dplyr, tidyr, stringr,
janitor, and purrr packages. Descriptive summaries were generated using base R and
tidyverse-based functions.

Paired categorical comparisons between the control and intervention reporting arms
were performed using McNemar’s test when appropriate. Agreement between reporting
approaches was assessed using Cohen’s kappa with the irr package (version 0.85). Ordinal
paired variables, including diagnostic confidence scores, were compared using paired non-
parametric tests. Confidence-score transitions were summarized using transition matrices
to demonstrate the direction and magnitude of changes in interpretive certainty.

Cases were also categorized according to the direction of confidence change between
the two reporting arms: increased confidence, unchanged confidence, decreased confidence,
intervention-only positive interpretation, and control-only positive interpretation. These
categories were used to evaluate whether the intervention strategy reduced interpretive
ambiguity at the patient/protocol level. Lesion-location distributions were summarized
descriptively according to INT localization, which provided the most complete anatomical
categorization across the paired cohort. Because the location indicators were not mutually
exclusive, particularly for lateral and intrathyroidal descriptors, each location category was
analyzed separately. Exploratory associations between individual location indicators and
clinical gain were evaluated using Fisher’s exact test, with Benjamini–Hochberg correction
for multiple comparisons. In an additional post hoc exploratory analysis, patients with an
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isthmic, intrathyroidal, or mediastinal location were compared with the remaining cohort
using Fisher’s exact test.

Model outputs and test results were organized using the broom package. A two-sided
p-value < 0.05 was considered statistically significant.

3. Results
The final study cohort included 96 patients with paired CTRL and INT readings

(Figure 1). The median age was 58 years (IQR, 50.8–63.2), and 79 patients were female
(82.3%). Median serum calcium was 10.5 mg/dL (IQR, 9.9–11.1), median corrected calcium
was 10.0 mg/dL (IQR, 9.5–10.7), and median PTH was 167 pg/mL (IQR, 124.7–225.3). Me-
dian vitamin D level was 25.3 ng/mL (IQR, 18.8–35.1). On INT, median lesion dimensions
1, 2, and 3 were 8 mm (IQR, 7–11.2), 6 mm (IQR, 4–8), and 7 mm (IQR, 5.5–9.8), respectively.
Surgical/pathological reference localization was available in 22 operated patients. Among
the non-operated patients, some were awaiting surgery at the time of data cutoff, whereas
others had elected not to proceed with the recommended operation. Baseline clinical,
biochemical, and lesion-related characteristics are summarized in Table 1. A representative
case illustrating the stepwise detection of a typical parathyroid adenoma with conventional
sestamibi imaging, subtraction imaging, and ultrasound correlation is shown in Figure 2.

Figure 1. Study flow and reporting design.
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Table 1. Baseline Demographic, Biochemical, and Imaging Characteristics of the Study Cohort.

Patients Available n n = 96

Age, years
Median (IQR) 58 (50.8–63.2)

Sex,
Female n (%) 79 (82.3%)

Calcium (mg/dL) 95 10.5 (9.9–11.1)
Corrected calcium (mg/dL) 62 10.0 (9.5–10.7)
Phosphorus (mg/dL) 79 2.8 (2.3–3.3)
PTH (pg/mL) 95 167 (124.7–225.3)
Vitamin D (ng/mL) 77 25.3 (18.8–35.1)
Calcium–PTH product 95 1707.4 (1274.0–2421.5)
Lesion size 1 (mm) 84 8 (7–11.2)
Lesion size 2 (mm) 83 6 (4–8)
Lesion size 3 (mm) 83 7 (5.5–9.8)
Estimated lesion volume (mm3) 83 175.9 (80.6–438.8)
Operated patients 22/96 (22.9%)

Abbreviations: IQR, interquartile range; PTH, parathyroid hormone. Continuous variables are presented as
median (IQR), and categorical variables as n/N (%). Available n indicates the number of patients with available
data for each variable.

 

Figure 2. Representative case illustrating stepwise detection of a typical parathyroid adenoma
using software-assisted subtraction and ultrasound correlation. (A) Early 20-min Tc-99m sestamibi
planar image. (B) Delayed 120-min Tc-99m sestamibi planar image. (C) Full software-assisted
subtraction image demonstrating a focal residual uptake suspicious for parathyroid adenoma (red
arrow). (D) Magnified view of the subtraction focus shown in panel (C), with the focal area outlined
by the red rectangle. Although the residual focus may appear broader on the full subtraction image,
this visual impression is influenced by adjacent midline background activity and the limited spatial
resolution of planar scintigraphy. (E) Axial ultrasound image showing a corresponding hypoechoic
extrathyroidal lesion (yellow arrow). (F) Craniocaudal ultrasound image showing the same lesion
(yellow arrow). This case illustrates how subtraction imaging and ultrasound correlation can improve
lesion conspicuity, anatomical localization, and reporting confidence. The apparent extent of the
subtraction focus should not be interpreted as a direct anatomical measurement of lesion size.
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3.1. Paired Comparison of Reporting Certainty and Localization Endpoints

INT yielded a higher PTA-positive reporting rate than CTRL. A PTA-positive report
was issued in 82/96 patients (85.4%) with INT and in 53/96 patients (55.2%) with CTRL
(p < 0.001). Reporting certainty was also higher with INT, with a median certainty score
of 3 (IQR, 1–3) compared with 1 (IQR, 0–2) for CTRL (p < 0.001). Similarly, the PTA-
Certainty Index increased from a median of 1 (IQR, 0–2) with CTRL to 3 (IQR, 1–3) with
INT (p < 0.001).

Clinically actionable localization was achieved in 68/96 patients (70.8%) with INT
and in 32/96 patients (33.3%) with CTRL (p < 0.001). High-confidence localization was
achieved in 55/96 patients (57.3%) with INT, compared with 17/96 patients (17.7%) with
CTRL (p < 0.001). Paired reporting outcomes are summarized in Table 2.

Table 2. Paired comparison of reporting certainty and clinically actionable localization.

Endpoint INT CTRL p-Value

PTA-positive report 82/96 (85.4%) 53/96 (55.2%) <0.001 †
Certainty score, median (IQR) 3 (1–3) 1 (0–2) <0.001 ‡
PTA-Certainty Index, median (IQR) 3 (1–3) 1 (0–2) <0.001 ‡

Actionable localization 68/96 (70.8%) 32/96 (33.3%) <0.001 †
High-confidence localization 55/96 (57.3%) 17/96 (17.7%) <0.001 †

Abbreviations: CTRL, control reading based on standard interpretation; INT, intervention reading based on
subtraction imaging with ultrasonographic correlation; IQR, interquartile range; PTA, parathyroid adenoma.
Values are presented as n/N (%) unless otherwise indicated. All analyses were performed in 96 paired observations.
The PTA-Certainty Index was calculated as PTA positivity multiplied by the certainty score, yielding a patient-
level score from 0 to 3. Actionable localization was defined as PTA positivity with certainty ≥ 2. High-confidence
localization was defined as PTA positivity with certainty = 3. † Exact McNemar/binomial test was used for
paired binary outcomes. ‡ Wilcoxon signed-rank test was used for paired ordinal or index-based comparisons.
p-values < 0.001 are shown as <0.001.

3.2. Reduction in Interpretive Ambiguity and Clinical Gain

When non-actionable reporting was defined as either PTA negativity or PTA positivity
with low certainty, CTRL yielded non-actionable reports in 64/96 patients (66.7%), whereas
INT yielded non-actionable reports in 28/96 patients (29.2%). This corresponded to an
absolute reduction of 37.5 percentage points and a relative reduction of 56.2% in non-
actionable reporting with INT.

In paired transition analysis, 35 patients changed from CTRL-negative to INT-positive,
whereas 6 patients converted from CTRL-positive to INT-negative. For actionable localiza-
tion, 41 patients gained actionability with INT, while 5 patients lost actionability (Figure 3).
Similarly, high-confidence localization was gained in 41 patients and lost in 3 patients
after INT.

Certainty scores increased with INT in 56/96 paired reports (58.3%), remained un-
changed in 30/96 reports (31.2%), and decreased in 10/96 reports (10.4%) (Figure 4;
Supplementary Figure S1). Among patients with a CTRL certainty score of 0, 29/43 pa-
tients shifted to an INT certainty score of 2 or 3, including 21 patients who shifted directly
to an INT certainty score of 3. Overall, 41/96 patients (42.7%) fulfilled the predefined
clinical gain criterion, defined as a negative or low-certainty CTRL result followed by INT
PTA-positive localization with certainty ≥ 2. Two representative clinically gained cases
are shown in Figures 5 and 6. In the first case, the lesion was not identified on CTRL
interpretation, whereas INT enabled detection of a subtle focal uptake that was anatom-
ically correlated with ultrasound and subsequently confirmed by surgical/pathological
findings (Figure 5). In the second case, a small lesion that remained subtle on conventional
scintigraphy became more conspicuous on software-assisted subtraction imaging and was
anatomically corroborated by ultrasound, supporting confident PTA localization (Figure 6).
A complementary CTRL-positive/INT-negative case is shown in Figure 7. In this patient,
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a MIBI-avid thyroid nodule was classified as a high-confidence PTA by CTRL (certainty
score of 3), whereas ultrasound-correlated interpretation demonstrated that the uptake
corresponded to an intrathyroidal thyroid nodule, allowing INT to avoid a false-positive
PTA interpretation.

Figure 3. Transition to clinically actionable localization between CTRL and INT readings. Actionable
localization was defined as PTA positivity with a certainty score ≥ 2. INT-only actionable cases
represent patients who were non-actionable on CTRL reading but became clinically actionable after
software-assisted subtraction with ultrasound-correlated interpretation.

Figure 4. Patient-level transition matrix of reporting certainty from CTRL to INT interpretation. Rows
represent CTRL certainty scores, and columns represent INT certainty scores. Certainty was coded as
0 for a negative report, 1 for findings suggestive of parathyroid adenoma, 2 for findings most likely
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representing parathyroid adenoma, and 3 for findings highly consistent with parathyroid adenoma.
Each cell shows the number of patients and the corresponding percentage of the entire cohort (n = 96)
with that specific CTRL-to-INT transition. Transitions in which the INT score exceeded the CTRL score
indicate increased certainty, identical scores indicate unchanged certainty, and transitions in which the
INT score was lower than the CTRL score indicate decreased certainty. Overall, certainty increased in
56/96 patients (58.3%), remained unchanged in 30/96 (31.2%), and decreased in 10/96 (10.4%).

Figure 5. Representative clinically gained case illustrating detection of a small parathyroid adenoma
with software-assisted subtraction and ultrasound-correlated interpretation. (A) Five-minute Tc-99m
pertechnetate thyroid planar image. (B) Early 20-min Tc-99m sestamibi planar image. (C) Software-
assisted subtraction image demonstrating subtle focal residual uptake suspicious for parathyroid
adenoma (red arrow). (D) Delayed 120-min Tc-99m sestamibi planar image. (E) Ultrasound image
showing a corresponding ovoid cervical lesion at the same anatomical location; the inset represents
a magnified view of the focal residual uptake shown in panel (yellow arrow) (C). The lesion was
not identified on CTRL interpretation, whereas INT enabled detection of the subtle scintigraphic
focus. Because of its ovoid morphology, the lesion had initially been interpreted as a lymph node on
ultrasound; however, subsequent surgical and histopathological findings confirmed a parathyroid
adenoma at this location.

Figure 6. Representative case illustrating improved localization of a small parathyroid lesion using
software-assisted subtraction and ultrasound-correlated interpretation. (A) Five-minute Tc-99m
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pertechnetate thyroid planar image. (B) Early 20-min Tc-99m sestamibi planar image showing a subtle
focal uptake adjacent to the thyroid gland (blue arrow). (C) Software-assisted subtraction image
demonstrating more conspicuous focal residual uptake suspicious for a parathyroid adenoma (red
arrow). (D) Ultrasound image showing a corresponding small hypoechoic lesion at the same anatom-
ical location. This case illustrates the complementary value of subtraction imaging and ultrasound
correlation in improving the conspicuity and confident localization of a small parathyroid lesion.

Figure 7. Representative case illustrating avoidance of overcalling a MIBI-avid thyroid nodule
as a parathyroid adenoma through ultrasound-correlated interpretation. (A) Five-minute Tc-99m
pertechnetate thyroid planar image. (B) Early 20-min Tc-99m sestamibi planar image showing focal
uptake in the thyroid region. (C) Software-assisted subtraction image demonstrating focal residual
uptake (red arrow). (D) Ultrasound image demonstrating that the corresponding lesion was an
intrathyroidal thyroid nodule (yellow arrow). (E) Magnified view of the subtraction focus shown
in panel (C), with the region of interest outlined by the red rectangle. The focus was classified as a
high-confidence PTA by CTRL (certainty score of 3), whereas ultrasound correlation in INT supported
its thyroidal origin and helped avoid overcalling it as a parathyroid lesion.

3.3. PTH-Stratified Analysis

The advantage of INT over CTRL was observed across PTH strata. In patients with
PTH 80–119 pg/mL, actionable localization was achieved in 7/16 patients (43.8%) with
INT compared with 1/16 patient (6.2%) with CTRL. In patients with PTH 120–159 pg/mL,
actionable localization was 16/24 (66.7%) with INT and 6/24 (25.0%) with CTRL. In patients
with PTH ≥ 160 pg/mL, actionable localization was 42/52 (80.8%) with INT and 24/52
(46.2%) with CTRL.

High-confidence localization showed a similar pattern across PTH strata. INT
achieved high-confidence localization in 5/16 patients (31.2%) with PTH 80–119 pg/mL,
12/24 patients (50.0%) with PTH 120–159 pg/mL, and 35/52 patients (67.3%) with
PTH ≥ 160 pg/mL. The corresponding CTRL rates were 1/16 (6.2%), 2/24 (8.3%), and
14/52 (26.9%), respectively. Clinical gain rates were broadly similar across the three main
PTH strata: 7/16 (43.8%), 10/24 (41.7%), and 21/52 (40.4%), respectively. PTH-stratified
outcomes are summarized in Table 3.
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Table 3. PTH-stratified comparison of INT and CTRL reporting performance.

PTH Group,
pg/mL n INT PTA

Positive
CTRL PTA

Positive

INT
Actionable

Localization

CTRL
Actionable

Localization

INT High-
Confidence
Localization

CTRL High-
Confidence
Localization

80–119 16 10/16 (62.5%) 5/16 (31.2%) 7/16 (43.8%) 1/16 (6.2%) 5/16 (31.2%) 1/16 (6.2%)
120–159 24 21/24 (87.5%) 10/24 (41.7%) 16/24 (66.7%) 6/24 (25.0%) 12/24 (50.0%) 2/24 (8.3%)
≥160 52 47/52 (90.4%) 36/52 (69.2%) 42/52 (80.8%) 24/52 (46.2%) 35/52 (67.3%) 14/52 (26.9%)

Abbreviations: Values are presented as n/N (%). PTH, parathyroid hormone; INT, intervention reading based on
subtraction imaging with ultrasonographic correlation; CTRL, control reading based on standard interpretation;
PTA, parathyroid adenoma. Actionable localization was defined as PTA positivity with a certainty score ≥ 2,
and high-confidence localization as PTA positivity with a certainty score of 3. Patients with PTH < 80 pg/mL or
missing PTH values were excluded from this subgroup analysis.

3.4. Surgical/Pathological Reference-Based Analysis

Among the 22 operated patients with valid surgical/pathological reference localization,
PTA detection sensitivity was 21/22 (95.5%; 95% CI, 77.2–99.9%) for INT and 17/22 (77.3%;
95% CI, 54.6–92.2%) for CTRL. This difference did not reach statistical significance in paired
analysis (exact McNemar p = 0.219). Correct localization rate was significantly higher with
INT. INT correctly localized the reference-confirmed lesion in 20/22 patients (90.9%; 95%
CI, 70.8–98.9%), whereas CTRL correctly localized the lesion in 12/22 patients (54.5%; 95%
CI, 32.2–75.6%; exact McNemar p = 0.008). In the paired reference subgroup, INT was
correct while CTRL was incorrect in 8 patients, whereas there were no patients in whom
CTRL was correct and INT was incorrect.

Because the operated reference cohort consisted only of pathology-positive patients,
patient-level specificity, negative predictive value, Youden index, and classical disease-
detection AUC were not estimable. Reference-based operated subgroup findings are
summarized in Table 4.

Table 4. Reference-based diagnostic and localization performance.

Endpoint INT, n/N (%) 95% CI CTRL, n/N (%) 95% CI Exact McNemar p

PTA detection
sensitivity 21/22 (95.5%) 77.2–99.9% 17/22 (77.3%) 54.6–92.2% 0.219

Correct localization rate 20/22 (90.9%) 70.8–98.9% 12/22 (54.5%) 32.2–75.6% 0.008
Abbreviations: CI, confidence interval; CTRL, control reading based on standard interpretation; INT, intervention
reading based on subtraction imaging with ultrasonographic correlation; PTA, parathyroid adenoma. Values are
presented as n/N (%), with exact binomial 95% confidence intervals. PTA detection sensitivity was defined as the
proportion of reference-confirmed patients in whom a PTA-positive lesion was reported. Correct localization rate
was defined as concordance between the reported lesion location and the surgical/pathological reference location.
Patient-level specificity, NPV, Youden index, and classical disease-detection AUC were not estimable because the
reference cohort consisted only of pathology-positive operated patients.

3.5. Localization-Level ROC Analysis in the Operated Subgroup

To further characterize reference-based localization performance, a localization-level
analysis was performed only in the operated subgroup with surgical/pathological refer-
ence localization. Each operated patient was expanded into six candidate parathyroid
sites, yielding 132 localization-level observations per reporting arm. For each patient, the
surgically confirmed site was coded as positive, and the remaining five candidate sites
were coded as negative.

In this localization-level analysis, INT showed higher sensitivity than CTRL (20/22,
90.9% vs. 12/22, 54.5%), while specificity remained high in both arms (109/110, 99.1%
vs. 106/110, 96.4%). The corresponding PPV and NPV were 95.2% and 98.2% for INT,
compared with 75.0% and 91.4% for CTRL. Overall localization-level accuracy was 97.7%
for INT and 89.4% for CTRL.
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For ROC visualization, binary localization predictions were displayed as operating
points in ROC space rather than as full thresholded ROC curves (Figure 8A). The binary
operating-point AUC, equivalent to balanced accuracy under a piecewise-linear connection,
was 0.950 for INT and 0.755 for CTRL. In a certainty-weighted localization-level ROC
analysis, using a score of 0 for unreported sites and the assigned certainty score for reported
sites, INT achieved a higher AUC than CTRL (0.954; 95% CI, 0.892–1.000 vs. 0.756; 95% CI,
0.647–0.864) (Figure 8B). Cluster bootstrap analysis showed an AUC difference of 0.198 in
favor of INT. These ROC findings should be interpreted as localization-level discrimination
within the operated reference subgroup rather than patient-level disease-detection accuracy.

Figure 8. Localization-level ROC analysis in the operated subgroup. (A) Binary localization-level
ROC operating points for CTRL and INT. Binary localization predictions provide one operating point
per reporting arm rather than full thresholded ROC curves. (B) Certainty-weighted localization-level
ROC curves using a score of 0 for unreported sites and the assigned certainty score for reported
sites. These analyses were restricted to operated patients with surgical/pathological reference
localization and should be interpreted as localization-level discrimination rather than patient-level
disease-detection accuracy.

Based on INT interpretation, pole-level lesion locations included the right upper pole
in 8 patients, the right middle pole in 9, the right lower pole in 32, the left upper pole in 4,
the left middle pole in 7, and the left lower pole in 23. Additional anatomical descriptors
included lateral location in 52 patients, intrathyroidal location in 7, isthmic location in
3, and mediastinal location in 2. Because these location indicators were not mutually
exclusive, particularly for the lateral and intrathyroidal descriptors, the counts should not
be summed to represent the total number of lesions. In exploratory analyses, no individual
location indicator was significantly associated with clinical gain after Benjamini–Hochberg
correction for multiple comparisons. Clinical gain also did not differ significantly between
patients with an isthmic, intrathyroidal, or mediastinal location and the remaining cohort
(Fisher exact p = 0.754). These analyses should be interpreted cautiously because of the
small number of patients in several anatomical subgroups.

3.6. Exploratory Ultrasound-Related and Lesion Measurement Analyses

Ultrasound-related findings were associated with higher INT endpoint-positive rates.
In patients with a recorded ultrasound finding, INT actionable localization was observed
in 50/61 patients (82.0%), compared with 18/35 patients (51.4%) without a recorded ultra-
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sound finding. Clinically gained status was also more frequent in patients with a recorded
ultrasound finding than in those without one: 33/61 (54.1%) versus 8/35 (22.9%). Similar
patterns were observed for typical ultrasound appearance, where INT actionable localiza-
tion was 66/72 (91.7%) in patients with typical ultrasound appearance and 2/24 (8.3%) in
those without typical ultrasound appearance. Because ultrasound information was incor-
porated into the INT interpretation workflow, these analyses were considered exploratory
and descriptive rather than independent predictive analyses (Supplementary Figure S2).

Lesion measurement analyses were exploratory because lesion dimensions were de-
rived from INT reports. Median lesion dimensions were comparable between patients with
and without clinically actionable gain. In patients with clinically actionable gain, median
lesion dimensions 1, 2, and 3 were 8 mm (IQR, 7–11), 6 mm (IQR, 5–7), and 7 mm (IQR,
6–8.5), respectively. In patients without clinically actionable gain, the corresponding values
were 8 mm (IQR, 6–12), 6 mm (IQR, 3.25–8), and 7.25 mm (IQR, 5–10.5), respectively. Esti-
mated lesion volume in mm3 was also similar between groups (Supplementary Figure S3).
These findings suggest that the clinical benefit of INT was not simply attributable to larger
lesion dimensions.

4. Discussion
In this prospective reporting study, software-assisted subtraction imaging, combined

with ultrasound-correlated interpretation, substantially improved the clinical usability of
parathyroid scintigraphy reports. Compared with conventional planar and SPECT-based
interpretation, the intervention strategy increased PTA-positive reporting, shifted certainty
scores upward, and markedly increased both clinically actionable and high-confidence
localization. Because the same anonymized imaging datasets were evaluated under two
reporting conditions, these differences are unlikely to reflect cohort-level variation and
more directly reflect the incremental contribution of the interpretation strategy.

The most clinically relevant finding was the reduction in non-actionable or ambiguous
reporting. In routine practice, a negative or weakly suggestive report may be insufficient
for focused operative planning, even when biochemical primary hyperparathyroidism is
established. The predefined actionable localization endpoint was therefore designed to
capture whether the report provided a localization statement potentially useful for clinical
decision-making, rather than simply whether any abnormal uptake was described. This
distinction is important because imaging in primary hyperparathyroidism is intended to
localize hyperfunctioning parathyroid tissue before surgery, not to establish the biochemical
diagnosis [6,9,14].

The paired transition analyses further support this interpretation. More than half of
the reports showed increased certainty after the intervention strategy, whereas decreased
certainty was uncommon and not necessarily unfavorable. In several cases, conventional
interpretation classified MIBI-avid thyroid nodules as probable parathyroid adenomas;
ultrasound correlation allowed these lesions to be recognized as typical intrathyroidal nod-
ules rather than parathyroid pathology, appropriately lowering certainty or reclassifying
the finding as negative. Thus, the intervention strategy primarily clarified initially uncer-
tain or negative conventional interpretations and helped prevent false-positive overcalling
of benign thyroid nodules, rather than merely increasing nonspecific positivity.

4.1. Conventional Workflow Optimization in the PET/CT Era

The present findings should be interpreted within the broader evolution of parathyroid
imaging. Contemporary guidelines and recent studies increasingly emphasize hybrid
SPECT/CT and PET/CT-based approaches, particularly F-18 fluorocholine PET/CT, for
preoperative localization in primary hyperparathyroidism [2,3,6]. However, advanced
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parathyroid imaging pathways are not uniformly available in routine practice and depend
on scanner availability, radiopharmaceutical access, regulatory approval, reimbursement,
local logistics, trained personnel, and cost.

This limitation is not restricted to low-resource settings. A global Nuclear Medicine
Global Initiative survey identified supplier dependency, regulatory barriers, reimbursement
issues, workforce limitations, and facility-related constraints as important determinants of
access to nuclear medicine procedures [15]. Similarly, Canadian imaging inventory data
show that stand-alone SPECT systems continue to operate alongside SPECT/CT units even
in a high-income healthcare system [16]. Therefore, optimizing conventional scintigraphy
workflows remains clinically relevant wherever access to hybrid SPECT/CT, PET/CT, or
newer PET tracers is limited or inconsistent.

Conventional parathyroid scintigraphy should not be regarded as a fixed technique
with uniform diagnostic value across centers. Its clinical utility depends on acquisition
protocol, reader experience, image-processing strategy, and anatomical correlation. Prior
studies have evaluated dual-tracer subtraction, computer-assisted analysis, pinhole or
SPECT/CT-based approaches, combined scintigraphic techniques, and reader agreement
in parathyroid scintigraphy [12,17–23]. A short-execution-time Tc-99m sestamibi/Tc-99m
pertechnetate double-subtraction protocol has also been proposed as a low-cost alternative;
however, its original two-stage processing requires generation of an intermediate thyroid
image followed by a second subtraction, thereby adding processing complexity. The au-
thors also described a mathematically equivalent single-step formulation [24]. However,
most focused primarily on diagnostic accuracy, lesion detection, protocol comparison, or
reader agreement. In contrast, the present study evaluated whether software-assisted
subtraction, combined with ultrasound-correlated interpretation, improves reporting confi-
dence, reduces ambiguity, and increases clinically actionable localization in a prospective
reporting framework.

Accordingly, our findings should not be interpreted as suggesting equivalence to
PET/CT or hybrid SPECT/CT. Rather, they indicate that when conventional scintigraphy
remains the available first-line nuclear medicine method, software-assisted subtraction with
targeted ultrasound correlation can serve as a pragmatic workflow optimization strategy.

4.2. Role of Ultrasound-Correlated Interpretation

Ultrasound correlation was a central component of the intervention strategy. Although
cervical ultrasonography is widely available and provides high-resolution anatomical as-
sessment of the thyroid bed and perithyroidal region, its performance is operator-dependent
and may be affected by ectopic glands, small lesions, concomitant thyroid nodular disease,
multiglandular disease, and prior neck surgery [7]. Therefore, ultrasound was not used
as a stand-alone reference standard in this study, but as an anatomical correlation tool to
support scintigraphic interpretation.

This distinction is important because conventional sestamibi imaging may show
persistent or focal uptake without clearly defining its anatomical origin. Thyroid nodules
may retain sestamibi and mimic parathyroid adenomas, whereas small parathyroid lesions
may be obscured by adjacent thyroid activity. In such cases, subtraction imaging can
improve lesion conspicuity, while ultrasound correlation can help determine whether the
residual focus is intrathyroidal, extrathyroidal, lymph nodal, or anatomically compatible
with a parathyroid lesion.

Our findings are consistent with previous studies supporting the complementary
value of ultrasound and sestamibi-based imaging for preoperative localization [10,25].
The present study extends this concept into a reporting framework in which ultrasound-
correlated interpretation was integrated with software-assisted subtraction to reduce am-
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biguity in conventional scintigraphy reports. This integrated approach appeared useful
not only for increasing confidence in true localization candidates, but also for reducing
inappropriate confidence in misleading thyroidal uptake.

The exploratory ultrasound-related analyses should therefore be interpreted as de-
scribing the behavior of the integrated intervention strategy rather than as independent
evidence of ultrasound performance. In this study, ultrasound is best understood as a
complementary anatomical modifier of scintigraphic interpretation, not as an external
comparator or independent diagnostic test.

4.3. Reference-Based Validation in the Operated Subgroup

The operated subgroup provided an opportunity to examine whether improved report
actionability corresponded to reference-confirmed localization. Although this subgroup
was limited in size and included only patients with surgical/pathological confirmation,
the findings supported the clinical relevance of the reported results. INT showed higher
PTA detection sensitivity than CTRL, although this difference did not reach statistical
significance. More importantly, correct localization was significantly higher with INT, and
there were no cases in which CTRL correctly localized the reference-confirmed lesion while
INT failed to do so (Table 4).

This distinction is clinically important because parathyroid imaging is primarily used
to guide surgical localization rather than simply to indicate whether a lesion may be
present. A positive but incorrectly localized report may still misdirect operative planning.
In the operated subgroup, the major advantage of the intervention strategy was therefore
improved concordance between the reported lesion location and the surgical/pathological
reference location.

The localization-level ROC analyses further characterized this effect by expanding each
operated patient into six candidate parathyroid sites and evaluating whether each reporting
strategy distinguished the reference-positive site from the remaining candidate sites. In
this framework, INT demonstrated higher localization-level sensitivity while maintaining
high specificity, resulting in higher binary operating-point and certainty-weighted AUC
values than CTRL (Figure 8A,B). These findings support the interpretation that subtraction
imaging, combined with ultrasound correlation, improved lesion localization rather than
merely increasing nonspecific positive reporting.

These analyses should still be interpreted cautiously. The operated subgroup was not a
full diagnostic-accuracy cohort because it consisted only of reference-positive patients who
underwent surgery; therefore, patient-level specificity, negative predictive value, Youden
index, and the classical disease-detection AUC could not be estimated. The localization-
level analysis also included multiple candidate sites per patient and should be regarded as
a descriptive assessment of localization discrimination rather than independent patient-
level diagnostic accuracy. Accordingly, the reference-based findings should be viewed as
supportive validation of the primary reporting endpoints, not as definitive evidence of
diagnostic superiority.

4.4. Interpretation of PTH-Stratified and Lesion-Size Findings

The benefit of the intervention strategy was observed across clinically relevant PTH
strata. As expected, both CTRL and INT endpoint-positive rates tended to be higher in
patients with higher PTH levels, consistent with previous studies reporting an association
between PTH level and sestamibi positivity or accurate localization, while smaller or lower-
weight lesions are more likely to yield false-negative MIBI findings [26,27]. However, the
relative advantage of INT over CTRL was maintained across the main PTH categories, and
clinically actionable gain was not restricted to the highest PTH group. This is relevant
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because patients with milder biochemical disease may have smaller or less conspicuous
lesions, in whom conventional scintigraphy can be less definitive.

The exploratory lesion measurement analyses further support this interpretation. Pre-
vious studies have reported that MIBI-positive parathyroid adenomas tend to have larger
volumes and higher iPTH levels than MIBI-negative adenomas [28]. In our cohort, however,
lesion dimensions and estimated lesion volume were broadly comparable between patients
with and without clinically actionable gain. Because lesion measurements were derived
from INT reports, these analyses should be interpreted descriptively and not as indepen-
dent predictors. Nevertheless, the absence of a clear size advantage among clinically gained
patients suggests that the benefit of INT was not simply attributable to larger or more easily
visible lesions.

Overall, the PTH-stratified and lesion-size findings suggest that software-assisted
subtraction with ultrasound-correlated interpretation functioned as a confidence-enhancing
strategy across a heterogeneous routine cohort, rather than merely improving interpretation
in patients with advanced biochemical disease or large lesions.

4.5. Clinical Implications

The main clinical implication is that conventional parathyroid scintigraphy reports can
be made more actionable by applying a structured interpretation strategy that combines
software-assisted subtraction with targeted ultrasound correlation. In centers where hybrid
SPECT/CT or F-18 fluorocholine PET/CT is not routinely available, conventional planar
and SPECT imaging may remain the primary nuclear medicine approach for preoperative
localization. In such settings, reducing equivocal or low-confidence interpretations may
have immediate practical value.

The proposed workflow builds on commonly available components: Tc-99m pertech-
netate thyroid imaging, dual-time-point Tc-99m sestamibi imaging, software-assisted sub-
traction, and high-resolution cervical ultrasound correlation. From a reporting perspective,
its main advantage is the conversion of uncertain findings into more clinically interpretable
localization statements that provide side- and pole-level localization, anatomical correlation,
and diagnostic certainty. Such reports may be more useful for endocrine surgeons and mul-
tidisciplinary teams than nonspecific descriptions of possible persistent sestamibi uptake.

The approach may also help avoid overcalling thyroidal uptake as parathyroid pathol-
ogy, particularly in patients with nodular thyroid disease. However, the present study did
not assess surgical cure, operative time, conversion from focused to bilateral exploration,
need for additional imaging, or cost-effectiveness. Therefore, the proposed workflow
should currently be viewed as a pragmatic reporting optimization strategy rather than
as a substitute for advanced hybrid or PET/CT-based imaging when those methods are
available and clinically indicated.

4.6. Limitations

Several limitations should be considered when interpreting the present findings. First,
this was a single-center preliminary study with a moderate sample size. Although the
paired design reduced between-patient variability by allowing the same cases to be evalu-
ated under two reporting conditions, the findings should be validated in larger, multicenter
cohorts with different imaging systems, reader groups, and institutional workflows.

Second, the study was primarily designed to evaluate reporting confidence, interpre-
tive certainty, and clinical actionability rather than definitive diagnostic accuracy. Surgical
and histopathological confirmation was available only in a subset of patients, and the
operated subgroup consisted only of reference-positive patients who underwent surgery.
Therefore, patient-level specificity, negative predictive value, Youden index, and classical

https://doi.org/10.3390/diagnostics16152379

https://doi.org/10.3390/diagnostics16152379


Diagnostics 2026, 16, 2379 19 of 21

disease-detection AUC could not be estimated. The localization-level ROC analysis par-
tially addressed localization performance by evaluating candidate parathyroid sites within
operated patients, but it remains exploratory and should not be interpreted as equivalent
to patient-level diagnostic accuracy.

Third, ultrasound findings were incorporated into the INT interpretation workflow,
and targeted correlation was performed by a single experienced operator. Because parathy-
roid lesions can be difficult to distinguish from thyroid nodules, lymph nodes, or other
perithyroidal structures, operator- and expectation-related bias cannot be excluded, and in-
teroperator reproducibility was not assessed. In addition, the specific LOGIQ P5 ultrasound
unit available in our nuclear medicine department did not have an activated Doppler func-
tion. Consequently, color or power Doppler assessment of lesion vascularity could not be
performed. Ultrasonography was therefore used primarily for targeted anatomical correla-
tion with scintigraphic findings rather than as a comprehensive diagnostic neck ultrasound
examination. Similarly, lesion dimensions and estimated lesion volume were derived from
INT reports, and measurement-based analyses should be regarded as descriptive rather
than independent predictors of clinical gain.

Fourth, both reporting arms were based on consensus interpretation by two-reader
groups. This design reflects a controlled paired comparison of reporting strategies, but
it does not allow assessment of individual reader variability or generalizability to less
experienced readers. Future studies should evaluate interobserver agreement, reader-level
performance, and reproducibility across different levels of expertise.

Finally, the study did not assess downstream clinical outcomes, including operative
time, conversion from focused to bilateral exploration, cure rate, persistence or recurrence
of hyperparathyroidism, need for additional imaging, or cost-effectiveness. Therefore,
the present results should be interpreted as evidence that software-assisted subtraction
with ultrasound-correlated interpretation improves reporting certainty and localization
actionability, while further prospective outcome-based studies are required to define its
impact on surgical management.

5. Conclusions
In this preliminary prospective reporting study, software-assisted subtraction imaging,

combined with ultrasound-correlated interpretation, improved the clinical usability of
conventional parathyroid scintigraphy. The intervention strategy increased reporting
certainty, reduced ambiguous or non-actionable interpretations, and improved clinically
actionable and high-confidence localization compared with conventional planar and SPECT-
based interpretations.

In the operated subgroup, INT showed better concordance with surgical/pathological
localization; however, these reference-based findings should be interpreted as supportive
rather than definitive diagnostic accuracy evidence. As additional surgical/pathological ref-
erence data accumulate during follow-up, future analyses may allow more robust reference-
based localization and ROC/AUC assessment. Overall, this workflow may represent a
pragmatic optimization strategy for centers where hybrid SPECT/CT or PET/CT-based
parathyroid imaging is not routinely available.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics16152379/s1: Figure S1: Direction of change in reporting
certainty after INT; Figure S2: Exploratory association between ultrasound-related findings and INT
reporting endpoints; Figure S3: Estimated lesion volume (mm3) according to clinical gain status;
Table S1: Lesion location distribution and exploratory location-specific usefulness of the intervention
strategy.
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