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ABSTRACT

BACKGROUND AND PURPOSE: Our aim was to test the hypothesis that our recently introduced 4D–dynamic contrast-enhanced
MR imaging with high spatial and temporal resolution has equivalent accuracy to 4D-CT for preoperative gland localization in pri-
mary hyperparathyroidism without requiring exposure to ionizing radiation.

MATERIALS AND METHODS: Inclusion criteria were the following: 1) confirmed biochemical diagnosis of primary hyperparathyroid-
ism, 2) preoperative 4D–dynamic contrast-enhanced MR imaging, and 3) surgical cure with.50% decrease in serum parathyroid hor-
mone intraoperatively. 4D–dynamic contrast-enhanced studies were reviewed independently by 2 neuroradiologists to identify the
side, quadrant, and number of abnormal glands, and compared with surgical and pathologic results.

RESULTS: Fifty-four patients met the inclusion criteria: 37 had single-gland disease, and 17, multigland disease (9 with double-gland
hyperplasia; 3 with 3-gland hyperplasia; and 5 with 4-gland hyperplasia). Interobserver agreement (k ) for the side (right versus left)
was 0.92 for single-gland disease and 0.70 for multigland disease. Interobserver agreement for the quadrant (superior versus infe-
rior) was 0.70 for single-gland disease and 0.69 for multigland disease. For single-gland disease, the gland was correctly located in
34/37 (92%) patients, with correct identification of the side in 37/37 (100%) and the quadrant in 34/37 (92%) patients. For multigland
disease, the glands were correctly located in 35/47 (74%) patients, with correct identification of the side in 35/47 (74%) and the
quadrant in 36/47 (77%).

CONCLUSIONS: The proposed high spatial and temporal resolution 4D–dynamic contrast-enhanced MR imaging provides excellent
diagnostic performance for preoperative localization in primary hyperparathyroidism, with correct gland localization of 92% for sin-
gle-gland disease and 74% in multigland disease, superior to 4D-CT studies.

ABBREVIATIONS: CAIPIRINHA ¼ controlled aliasing in parallel imaging results in higher acceleration; DCE ¼ dynamic contrast-enhanced; MGD ¼ multigland
disease; PHPT ¼ primary hyperparathyroidism; PTA ¼ single parathyroid adenoma; PTH ¼ parathyroid hormone; SGD ¼ single-gland disease; TRICKS ¼ time-
resolved imaging of contrast kinetics; TWIST ¼ time-resolved imaging with stochastic trajectories

Primary hyperthyroidism (PHPT) causes overproduction of
the parathyroid hormone (PTH) leading to hypercalcemia

and is the most common parathyroid disease. It is caused by sin-
gle parathyroid adenoma (PTA) in 80%–90%,1 multigland disease
(MGD) in 5%–15%, and carcinoma in ,1%.2 MGD glands are
usually smaller than in adenoma and hyperplasia and can

asymmetrically involve any number or all of the 4 parathyroid
glands.3 Accurate preoperative localization of abnormal para-
thyroid tissue is essential for guiding curative, focused unilat-
eral neck exploration for SGD and is particularly crucial for
re-operative parathyroidectomy surgery, which currently has a
failure rate 4� that of primary surgery.4 Other advantages
include smaller scars, shorter operations, reduced complication
rates, and lower surgical cost.5-9

4D-CT has gained wide acceptance for presurgical PHPT
planning, with multiphase imaging having superior diagnostic
performance compared with both sonography and technetium
(Tc99m) sestamibi scintigraphy.10-12 4D-CT is, however, associ-
ated with high radiation doses of 5.56–10.4 mSv, depending on
the number of phases scanned.13-15 It can have radiation doses to
the thyroid gland of up to 57� that of Tc99m scintigraphy (92.0
versus 1.6 mGy).15 Radiation exposure is the main risk for
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development of thyroid cancer, with increased risk to younger
patients and with thyroid doses of 50–100 mGy.16 Thus, judicious
use of 4D-CT has recently been recommended.13 Dual-phase CT
has been suggested as an alternative to 3- or 4-phase imaging and
is associated with lower radiation doses, but at a cost of reduced
accuracy for localizing PTAs to the correct side (79%–81%) and
quadrant (55%–76%).17–20

4D–dynamic contrast-enhanced (DCE) MR imaging is, there-
fore, a very attractive alternative to 4D-CT. Like 4D-CT, it
exploits the hypervascular nature of abnormal parathyroid
lesions, but without the risk to the patient arising from radiation
exposure.21 Until recently, the competing requirements for high
spatial and high temporal resolution imaging over a large FOV
prohibited a true 4D application for MR imaging.21,22

This study tests the hypothesis that our recently introduced
4D-DCE MR imaging has diagnostic accuracy equivalent to that
of 4D-CT for preoperative localization of abnormal parathyroid
glands in patients with PHPT, without the need for ionizing
radiation.

MATERIALS AND METHODS
Patients
This Health Insurance Portability and Accountability Act–com-
pliant prospective study was performed under the approval of the
institutional review board at the University of Arizona and Icahn
School of Medicine. Consecutive new patients with PHPT pre-
senting to 2 surgeons from December 2013 to December 2015
were eligible for the study. Inclusion criteria were the following:
1) no previous neck surgery, 2) PHPT confirmed with biochemi-
cal confirmation of elevated serum PTH and calcium levels, 3)
MR imaging consent with no MR imaging contraindication, 4)
preoperative 4D-DCE MR imaging of the neck, and 5) surgical
cure guided by MR imaging and confirmed by .50% reduction
of serum PTH.

Image Acquisition
MR imaging was performed using a 3T Magnetom Skyra MR
imaging system (Siemens, Erlangen, Germany) with the patient
breathing freely. A combination 20-element head and neck coil
was used for radiofrequency signal reception. 4D-DCE MR
imaging was performed using a 3D volumetric interpolated ex-
amination sequence using the following parameters: TR ¼
4.06ms, dual-echo for Dixon fat suppression (first TE ¼
1.31ms, second TE ¼ 2.54ms), flip angle ¼ 9°, matrix ¼ 160mm,
FOV¼ 200mm, 60 sections� 2mm thick.

Time-resolved imaging with stochastic trajectories (TWIST)23

with a sampling density of 33% and controlled aliasing in parallel
imaging results in higher acceleration (CAIPIRINHA)24 with an
acceleration factor of 4 were incorporated, resulting in a net
acceleration of 8, which was used to acquire a 3D dataset with a
voxel size of 1.3 � 1.3 � 2.3mm3 and a temporal resolution of
6 seconds over a craniocaudal coverage of 120mm, spanning the
inferior mandibular rim to the carina. Twenty-four temporal
frames were obtained during 144 seconds of acquisition time after
intravenous injection of 0.1mmol/kg of MultiHance (gadobenate
dimeglumine, 529mg/mL; Bracco Diagnostics, Princeton, New
Jersey) at 4mL/s followed by 20mL of saline at 4mL/s.

Image Analysis
The 4D-DCE MR imaging datasets were independently analyzed
by 2 neuroradiologists blinded to the patient’s previous imaging
and clinical, surgical, and pathologic data. The 4D-MR imaging
studies were analyzed systematically on our PACS. Abnormal
parathyroid glands were identified as arterial enhancing nodules
that demonstrated early increased signal intensity at the same
time as or within 1–2 frames (up to 12 seconds) of the onset of ca-
rotid enhancement, with maximal signal intensity and enhance-
ment during the early venous phase and decreased signal
intensity due to contrast washout in the later venous phase.10

Readers searched the most common locations of the parathy-
roid glands (native) as well as all possible ectopic locations.15

Discrepancies between readers were resolved by consensus and
used for assessment of diagnostic accuracy in comparison with
surgical and pathologic findings. For each gland, the side was
recorded in relation to the midline, and the quadrant was
recorded as superior or inferior, depending on the relation to the
midpole of the thyroid gland.

Parathyroid volumes were calculated using the ellipsoid for-
mula [(4/3)axbxc], where a represent the maximum short axis di-
ameter, b the maximum long axis diameter and c the maximum
diameter of the gland in the coronal plane.

Surgical Confirmation
All patients underwent surgical resection with the side, quad-
rant, and size of the resected parathyroid glands recorded. The
position of the gland was recorded in relation to the recurrent
laryngeal nerve. The origin of the arterial supply to the abnor-
mal gland overrode anatomic location if discrepant in deter-
mining the gland location as superior or inferior. All patients
included in the study had surgical cure. This was confirmed by
a decrease in the intraoperative serum parathyroid hormone
level of at .50% 10minutes following resection compared with
the intraoperative pre-excision level. The pathologist measured
the weight and dimensions of the excised glands, and their vol-
ume was calculated with the same ellipsoid formula used for the
imaging volume.

Statistical Analysis
Statistical analysis was performed using MedCalc for Windows
(Version 12.2.1; MedCalc Software, Mariakerke, Belgium). Clinical
and lesion characteristics were compared between subjects with
SGD and MGD using univariate analysis, with the Fisher exact test
for categoric variables and the unpaired 2-tailed t test for continu-
ous variables.

Interobserver agreement was tested using a linear weighted k

test. By means of consensus reads, the ratios of correctly identi-
fied lesion sides and quadrants were calculated against the final
lesion assignment, and the percentages (sensitivities) were calcu-
lated for SGD and MGD. The significance level was defined as
P, .05.

RESULTS
A total of 54 patients met our inclusion criteria. All patients had
parathyroid glands identified. Thirty-seven patients had a single
adenoma (Fig 1), and 17 patients had MGD with a total of 47
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hyperplastic glands (Fig 2): 9 with double-gland hyperplasia, 3
with asymmetric 3-gland hyperplasia, and 5 with 4-gland hyper-
plasia. Demographic data and basic clinical information for the
entire cohort, subdivided between patients with SGD versus

MGD, are provided in Table 1. There
were 3 ectopic glands: 1 within the thy-
roid gland and 2 in the superior medias-
tinum, all correctly identified as inferior
glands. All other glands were posterior to
the thyroid gland or related to the tra-
cheal esophageal groove. There was no
statistically difference in age, sex, preop-
erative serum PTH levels, and calcium
levels between SGD and MGD (Table
1). The size and volume of the
resected abnormal parathyroid glands
were significantly smaller in patients
with MGD (Table 1).

Surgical Findings
Intraoperative findings and operative
reports were reviewed in conjunction
with 4D-DCE MR imaging in a joint
meeting between a neuroradiologist
and surgeon. The surgical location of
parathyroid lesions for each gland
was determined as superior versus in-
ferior and right versus left and was
used as the reference standard to
determine the accuracy of MR imag-
ing reads. For the SGD, the location
and side of 37 resected glands were
recorded as left (n ¼ 20, 54%), right
(n ¼ 17, 46%), superior (n ¼ 26,
70%), and inferior (n ¼ 11, 30%). For
the 47 MGD glands, the side and
location of each gland were recorded
as left (n ¼ 27, 57%), right (n ¼ 20,
43%), superior (n ¼ 27, 57%), and in-
ferior (n ¼ 20, 42%). All ectopic
glands were inferior. Resection was
recorded as 2, 3, or 3.5 glands and
was recorded as 3.5 glands if any of
the fourth gland was resected.

4D-DCE MR Imaging in SGD
A total of 36/37 (97%) glands were
correctly localized to the right or left
by both readers, resulting in an inter-
observer agreement of k ¼ 0.92 (95%
CI, 0.80–1.0). One observer incor-
rectly identified 1/20 (5%) glands
as right-sided, resolved by consensus,
resulting in 100% sensitivity for cor-
rect side identification.

For determination of quadrant (supe-
rior versus inferior), readers 1 and 2 cor-

rectly identified 34/37 (92%) and 30/37 (81%) glands, respectively,
resulting in an interobserver agreement of k ¼ 0.70 (95% CI, 0.45–
0.920). Three glands were identified as superior by reader 1 and infe-
rior by reader 2; 2 glands, as inferior by reader 1 and superior by

FIG 1. A 39-year-old woman with PHPT and MGD with bilateral glands imaged in the lower quad-
rants. A, Axial early arterial phase. B, Early venous phase. C, Midvenous phase. D, Later venous
phase. The contour of the glands is different in A and B due to interval patient motion without
image degradation. Images show bilateral MGD glands (white arrows) with early arterial enhance-
ment and increased signal intensity compared with the adjacent thyroid gland (A). Signal intensity
increases into the early venous phase, with MGD glands having signal intensity similar to that of
the carotid artery on the early venous phase and increased signal compared with the thyroid
gland (B). At the mid-venous phase, the MGD glands have decreased signal intensity compared
with the carotid artery due to early washout but still have increased signal compared with the
thyroid gland (C). The MGD gland signal decreases further in the later venous phase, becoming
isointense with the thyroid gland (D).

FIG 2. A 54-year-old woman with PHPT and SGD in the left lower quadrant. A, Axial early arterial
phase. B, Early venous phase. C, Midvenous phase. D, Later venous phase. Images show a left
lower quadrant parathyroid adenoma (white arrow) with early arterial enhancement (A), increas-
ing with signal intensity similar to that of the internal carotid artery (B), with mildly decreased sig-
nal intensity compared with the carotid artery due to early venous washout (C), and decreased
signal intensity compared with the adjacent internal carotid artery and jugular vein in the later ve-
nous phase (D).
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reader 2. Following consensus reads, glands were correctly localized in
34/37 (92%) patients and incorrectly identified in 3/37 (8%) patients.
No patient with SGDwas mistakenly identified as havingMGD.

4D-DCE MR Imaging in MGD
A total of 35/47 (74%) and 33/47 (70%) removed MGD glands
were correctly localized for side by readers 1 and 2, respectively,
resulting in interobserver agreement of k ¼ 0.70 (95% CI, 0.51–
0.86). More glands were not identified at all by both readers than
were incorrectly localized. Ten of 47 (21%) and 13/47 (28%)
glands were not identified by readers 1 and 2, respectively, with
2/47 (4%) and 1/47 (2%) glands incorrectly localized for side.
Seven of the 10 glands (70%) not identified by reader 1 and 9 of
the 13 glands (69%) not identified by reader 2 were in patients
who had 3.5 glands removed. Consensus reads showed an overall
sensitivity for side of 74% (35/47), with the side of disease cor-
rectly identified in 14/17 (82%) patients. Only 2/17 patients
(12%) required bilateral neck dissection for unidentified single
glands, contralateral to correctly identified single (1/17, 6%) and
double (1/17, 6%) glands. In addition, 1 patient with 2 removed
ipsilateral glands (6%) was incorrectly identified with SGD.

For determination of the quadrant (superior versus infe-
rior), readers 1 and 2 correctly identified 33/47 (70%) and 32/
47 (68%) glands, respectively, resulting an interobserver agree-
ment of k ¼ 0.69 (95% CI, 0.52–0.87). The quadrants were not
identified at all for 11/47 (23%) and 13/47 (28%) glands by
readers 1 and 2, respectively. Two of 47 (4%) glands were
incorrectly localized by both readers. Consensus reads showed
an overall sensitivity of 77% (36/47) for identification of the
gland quadrant in MGD and incorrect localization of 2 (4%)
glands with 9 (19%) glands not identified at all. Consensus
reads showed the quadrant of disease correctly identified in 9/
17 (53%) patients. Seven of 9 (78%) patients with 2 glands
removed had both glands correctly localized, with 1 gland not

identified in 2/9 (22%). Of the 3
patients with 3 glands removed, 1/3
(33%) had all glands correctly local-
ized, with 1 gland not identified in 1/
3 (33%) and incorrectly localized in
1/3 (33%). Of the 5 patients with 3.5
glands removed, only 1/5 (20%) had
all glands correctly localized, 1 of 5
(20%) had 1 gland not identified, 1/5
(20%) had 1 gland not identified and

1 incorrectly localized, and 2/5 (40%) had 1 gland not recog-
nized (Tables 2 and 3).

DISCUSSION
This study proves that the described 4D-DCE MR imaging is
highly accurate for preoperative localization of abnormal para-
thyroid glands in patients with PHPT. The image interpretation
is straightforward without the need for off-line postprocessing
and takes .10minutes with high interobserver agreement for
correct identification of the side and quadrant.

For SGD, our 4D-DCE MR imaging has a sensitivity of 100%
for side and 92% for quadrant. This compares very favorably with
4D-CT, with its sensitivity of 73%–97% for side and 55%–88%
for quadrant.4,10,11,19,20,25,26 No patient with SGD required bilat-
eral neck surgery. Accurate identification of the side of the gland
within the neck can be as important to the surgeon as identifica-
tion of the quadrant. Identification of the quadrant may simply
give a starting point for the operation with ipsilateral extension of
a search being less invasive than a bilateral dissection. For MGD,
we showed an overall sensitivity of 74% for the side and 77% for
the quadrant, superior to 4D-CT studies with a reported sensitiv-
ity of 29%–42.9%.27,28 Only 12% of our patients with MGD
required bilateral neck dissection for unidentified contralateral
disease.

Our results compare favorably with those of nondynamic con-
ventional MR imaging with a sensitivity for detection of SGD and
MGD of 57%–91%,29-35 often using small study populations and
selected patients, with many having MGD glands larger than
those in our study. Like MR imaging and 4D-CT, our 4D-DCE
MR imaging was more successful in detecting the larger SGD
glands, with mean volume of 4.38 cm3, than the smaller MGD
glands, with mean volume of 1.01 cm.3,29 For MGD, more glands
went unrecognized and unrecorded than were incorrectly local-
ized. Satisfaction of search when looking for multiple small
glands most likely accounts for this finding, with the number of
unrecorded glands increasing with increasing numbers of glands
removed, with the highest with 4 removed glands.

A number of investigators have used DCE MR imaging for
preoperative localization of parathyroid adenomas with mixed
results. Merchavy et al22 used a 4D-DCE T1 volumetric interpo-
lated brain examination sequence at 1.5T with precontrast images
and postcontrast images at 13-second intervals for 10 timeframes
to identify 7/7 (100%) selected PTAs. The size of these glands was
not reported, but PTA detection using ultrasound and sestamibi
(MIBI) in this study was 90%; higher than reported in other
studies.22

Table 1: Baseline and clinical data in patients with single adenoma and multiglandular
disease (univariate analysis)

Variable Total (54) SGD (n= 37) MGD (n= 17) P Value
Age (mean) (SD) (yr) 58.6 (13.2) 59.1 (12.0) 57.4 (15.5) .66
Sex (M/F) (14/40) (10/27) (4/13) .70
Preoperative PTH (mean) (SD) 131.6 (62.6) 134.2 (63.2) 148.8 (109.2) .56
Preoperative calcium (mean) (SD) 10.8 (0.6) 10.8 (0.7) 10.7 (0.47) .47
Volume (cm3) (mean) (SD) 4.25 (6.51) 4.38 (1.09) 1.01 (2.24) .02
Weight (mean) (SD) (g) 0.60 (0.51) 0.95 (0.60) 0.34 (0.26) .001

Table 2: MGD—results for identification of side and quadrant
of glands

No. of Glands (Total, 47)

Reader 1 Reader 2 Consensus
Side (right or left)
Total correctly localized 35 (74%) 33 (70%) 35 (74%)
Total incorrectly localized 2 (4%) 1 (2%) 2 (4%)
Total not identified at all 10 (21%) 13 (28%) 10 (21%)

Quadrant (superior or
inferior)
Total correctly localized 33 (70%) 32 (68%) 36 (77%)
Total incorrectly localized 3 (6%) 2 (4%) 2 (4%)
Total not identified at all 11 (23%) 13 (28%) 9 (19%)

AJNR Am J Neuroradiol 41:522–28 Mar 2020 www.ajnr.org 525



Ozturk et al36 used 4D-DCE at 3T with precontrast and post-
contrast images at 15-second intervals for 8 timeframes with
83%–86% sensitivity for abnormal glands. Their postprocessing
was more labor-intensive than ours with precontrast images sub-
tracted from postcontrast images on a pixel-by-pixel basis, with
glands defined by the following: 1) vivid enhancement compared
with the thyroid on the first or second postcontrast images, and
2) washout on delayed images. Signal intensity was measured
using ROIs drawn on consecutive images for doubtful cases.36

Another study using a limited (4-phase) dynamic postcontrast
MR imaging showed a sensitivity of 80% for detection of PTAs.37

Turski et al38 used dynamic 4D-MR imaging with incorpora-
tion of time-resolved imaging of contrast kinetics (TRICKS) angi-
ography with a temporal resolution of 5.4 seconds, demonstrating
a 64% sensitivity for detection of PTAs.30 To date, dynamic MR
imaging has had better success at identifying parathyroid glands in
the re-operative neck with studies at 1.5T showing 90%37 and
93%39 of PTAs detected. The temporal resolution of this latter
study, identical to ours at 6 seconds, may account for superior
lesion detection, with the glands between 6 and 28mm in diameter
detected.

Our study showed that our described 4D-DCEMRI technique
can be successfully used for accurate preoperative localization in
patients with PHPT. We would like to highlight the following pri-
mary findings from our study.

Using the fast imaging tools TWIST23 and CAIPIRINHA14,24

has enabled very high spatial resolution (voxel size ¼ 1.3 � 1.3 �
2.3mm3) without sacrificing coverage or resulting in an increase in
acquisition time. A large FOV (20 cm) from the angle of the man-
dible to the manubrium was scanned every 6 seconds, providing
high temporal resolution and a truly dynamic interrogation
exploiting the hypervascular characteristics of parathyroid glands,
a characteristic that has also been targeted by 4D-CT.

The short scan time required for our technique is an advant-
age over conventional MR imaging, with the patient not required
to hold his or her breath. The DCE images acquired at each 6-sec-
ond timeframe appear as separate sequences on the PACS for
analysis, allowing independent evaluation. None of our 6-second
images were degraded by motion, even when the patient moved

slightly between images (Fig 1). In
addition to the short overall scan time
of 144 seconds for our 4D-DCE MRI,
our technique also has the advantage
of a relatively short postprocessing
time, performed without postprocess-
ing software.

High-temporal-resolution DCE MR
imaging allows differentiation of
the parathyroid glands from lymph
nodes and thyroid tissue due to their
faster arterial enhancement and ear-
lier contrast washout, with a mean
parathyroid maximal enhancement of
13 seconds earlier than thyroid tissue
and 29 seconds earlier than lymph
nodes using this technique.21 At 6
seconds, our DCE temporal resolu-

tion is higher than that used by some other MR imaging authors
and may account for our superior results compared with some
of these other DCE MR imaging techniques.22 We have previ-
ously shown parathyroid glands to have arterial enhancement at
the same time or within 1–2 timeframes (6–12 seconds) of the
carotid artery and at least 2–3 timeframes (12–18 seconds)
before the thyroid gland.21 This feature aids depiction of glands
lying adjacent to the thyroid, those most frequently missed with
4D-CT.40

The gadolinium contrast agent for this study was MultiHance,
used at the time of the study for head and neck imaging at both
the University of Arizona and Icahn School of Medicine. Its
relaxivity is approximately twice that of some other agents, giving
excellent contrast enhancement41 and superior results for first-
pass angiography compared with a macrocyclic agent.42 Because
we lack experience using other agents, recommendations for al-
ternative agents using our technique cannot be made.

Additionally, incorporation of the Dixon technique into our
sequence resulted in excellent and uniform fat suppression,43

with good contrast-to-noise aiding identification of small lesions.
Our high spatial resolution, combined with excellent fat satura-
tion, enabled detection of very small parathyroid glands, with 11
MGD glands of,0.5 cm3, an improvement over conventional T1
and T2 sequences, having poor detection of glands of ,0.31 cm3

and a mean size of nondetected glands of 1.4 cm.3,31 Uniform fat
suppression is necessary to distinguish small enhancing glands
from fat but can be difficult to achieve using other techniques
due to the presence of air within the lungs and upper airways and
digestive tract and complex anatomy. Unlike other described
dynamic techniques, TRICKS, the described protocol, does not
use a subtraction methodology, avoiding degradation of images
by subtraction and ghost artifacts.

Three- or 4-phase 4D-CT exposes the thyroid gland to signifi-
cant radiation doses. The major advantage of 4D-DCE MRI over
4D-CT is the lack of exposure of the neck to the hazards of ioniz-
ing radiation, particularly for young patients whose thyroid
glands are more sensitive to the carcinogenic effect of ionizing
radiation,44 with the risk of differentiated thyroid cancer lasting
several decades.45 This risk increases with the increased radiation

Table 3: SGD and MGD—patient results for identification of side and quadrant of glands

No. of Patients (Total, 17)
Side (right or left)
Total with all glands correctly localized 14 (82%)
Total with 1 gland incorrectly localized 2 (12%) 2/9 with 2-gland disease
Total with 1 gland not identified at all 1 (6%) 1/9 with 2-gland disease

Quadrant (superior or inferior)
Total with all glands correctly localized 9 (53%) 7/9 with 2-gland disease

1/3 with 3-gland disease
1/5 with 3.5-gland disease

Total with 1 gland incorrectly localized 2a 1/3 with 3-gland disease
1 with 3.5-gland disease also had
1 gland not identified and
counted twicea

Total with 1 gland not identified 6a 2/9 with 2-gland disease
1/3 with 3-gland disease
3/5 with 3.5-gland disease

Total with 2 glands not identified 1 1/5 with 3.5-gland disease
a One also had 1 gland incorrectly localized and counted twice.
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dose.16 4D-DCE MR imaging should, therefore, be considered as
an alternative to 4D-CT for first-line investigation of PHPT in
young patients requiring imaging.

Debate in the 4D-CT literature continues regarding the rela-
tive merits of CT acquisition at 2, 2.5, or 3 or 4 time points for
30–90 seconds for optimal lesion detection, much lower than our
temporal resolution, with limitations imposed by the level of radi-
ation exposure.25,27,46-49 Although it may be tempting to lower
the temporal resolution of 4D-DCE, our experience during pro-
tocol development has shown that this results in inferior gland
detection and is therefore not recommended.

Our study has several limitations. First, our sample size was
relatively small, which may affect the power of our analysis.
Because this was a dual-institutional study without patient selec-
tion, we would expect our results to be generalizable to larger
patient cohorts referred to surgeons in other institutions. Second,
comparison with surgical pathology findings is not ideal, particu-
larly for MGD, in which normal small glands may be removed or
biopsied. This feature may account for the higher rate of noni-
dentified glands in those with higher numbers of removed glands.
Additionally, some of the discrepancies in quadrant identification
may be related to minor reporting differences between neuroradi-
ologists and surgeons with regard to the anatomic location of the
gland in relation to the midpole of the thyroid gland.

CONCLUSIONS
Our 4D-DCE MR imaging using the modified 4D-DCE TWIST
or CAIPIRINHA technique with high spatial and temporal reso-
lution exploits the hypervascular nature of parathyroid glands,
resulting in sensitivities for gland detection of 92% and 74% for
SGD and MGD, respectively, for patients undergoing primary
surgery. 4D-DCE MRI has superior diagnostic accuracy com-
pared with 4D-CT for both SGD and MGD and superior accu-
racy compared with unselected patients undergoing primary
surgery using other dynamic MR imaging techniques. 4D-DCE
MRI does not expose the neck to ionizing radiation, and it should
be considered as an alternative to 4D-CT for first-line investiga-
tion in patients with HPT, particularly young patients for whom
the risk of cancer from radiation to the thyroid gland is the
highest.
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