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Abstract

Objective: The neurophysiological mechanisms underlying cognitive dysfunction in primary hyperparathyroidism 
(PHPT) and the brain regions affected are not clear. We assessed neural activation during cognitive testing (matrix 
reasoning, paired associates, and logical memory) using functional MRI (fMRI) in 23 patients with PHPT and 23 healthy 
controls. A subset with PHPT was re-assessed 6 months post-parathyroidectomy (PTX).
Design: This is an observational study comparing neural activation by fMRI in patients with PHPT to normative controls. 
Postmenopausal women were studied at a tertiary referral center.
Results: There were no between-group differences in cognitive task performance. Patients with PHPT had lower neural 
activation vs controls (max Z = 4.02, all P < 0.01) during matrix reasoning in brain regions involved in executive function 
(left frontal lobe (k = 57) and right medial frontal gyrus (k = 72)) and motor function (right precentral gyrus (k = 51)). 
During paired associates (verbal memory), those with PHPT had greater activation in the right inferior parietal lobule 
(language/mathematical operations; k = 65, P < 0.01). Greater activation in this region bilaterally correlated with higher 
PTH (k = 96, P < 0.01). Post-PTX, activation decreased during matrix reasoning, but in different regions than those 
affected pre-PTX.
Conclusions: PHPT is associated with differences in task-related neural activation patterns, but no difference in 
cognitive performance. While this may indicate compensation to maintain the same cognitive function, there was no 
clear improvement in neural activation after PTX. Larger, longitudinal studies that include PHPT patients followed 
without surgery are needed to determine if PTX could prevent worsening of altered neural activation patterns in PHPT.

Introduction

PHPT is a common endocrine condition associated with 
hypercalcemia and elevated or inappropriately normal 
serum levels of parathyroid hormone (PTH). Patients with 
PHPT commonly report neuropsychological symptoms (1, 
2, 3, 4). Many studies suggest that PHPT is associated with 
reduced quality of life (QOL), depression, and cognitive 
changes such as impaired memory, attention, or executive 
function (5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17). Whether 

neuropsychological symptoms are specifically attributable 
to PHPT and reversible after parathyroidectomy (PTX) is 
controversial, and results from both observational studies 
and randomized trials have been conflicting (5, 8, 9, 10, 
18). Our prior work in patients with PHPT indicated worse 
performance on tests of verbal memory and non-verbal 
abstraction (executive function and pattern recognition) 
(5). Performance on these tasks improved after PTX (5). 
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Although both hypercalcemia and high PTH have variably 
been associated with cognition in some, but not all, prior 
studies, the neurophysiological mechanism(s) underlying 
cognitive dysfunction and brain regions affected in PHPT 
have not been clearly elucidated and have rarely been 
investigated (5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17).

Functional MRI, or fMRI, is a non-invasive tool that 
maps brain function. Functional MRI is based on the 
principle that cerebral blood flow and neuron activity 
(or neuronal activation) are coupled. When neurons are 
activated in response to a cognitive test or task, blood flow 
to that brain area increases. The increase in blood flow 
is followed by a relative increase in blood oxygenation 
(oxyhemoglobin) and a decrease in deoxyhemoglobin. 
Because deoxyhemoglobin and oxyhemoglobin vary 
in their magnetic properties, the change in blood 
oxygenation is detected as an increase in magnetic 
resonance signal that is able to ‘map’ the task to the brain 
region responsible.

In the clinical setting, fMRI has been used for 
pre-surgical mapping in patients with brain tumors 
and epilepsy. Functional MRI has also been useful in 
revealing mechanisms in Alzheimer’s disease, depression, 
schizophrenia, lupus, cognitive aging, and other 
neurological and psychiatric disorders (19, 20). Only two 
studies (n = 6 and n = 18) have applied fMRI to the study of 
cognitive dysfunction in PHPT (13, 21). Both were small 
and did not compare patients with PHPT to non-PHPT 
controls. In order to elucidate the neurophysiological 
mechanisms of cognitive dysfunction in PHPT, brain 
regions affected and the utility of functional imaging in 
this disorder, we assessed neural activation patterns using 
fMRI during verbal memory and executive function/
reasoning tasks, cognitive functions previously shown to 
be impaired in PHPT (5). fMRI was performed in patients 
with PHPT compared to controls derived from a normative 
fMRI database at baseline and after PTX in the subset who 
underwent surgery.

Subjects and methods

This study was approved by the Columbia University 
Medical Center (CUMC) Institutional Review Board 
and all participants provided written informed consent. 
Participants were recruited from the Metabolic Bone 
Diseases Unit and the endocrine surgery and general 
endocrinology clinics at CUMC between December 2013 
and September 2017. Consecutive female postmenopausal 
patients with PHPT who met inclusion/exclusion criteria 

and agreed to participate were enrolled. Two-hundred 
fifty-three individuals with primary hyperparathyroidism 
were screened for enrollment. We included women with 
PHPT regardless of whether they planned to have PTX. 
PHPT (n = 23) was defined by the presence of hypercalcemia 
(calcium above normal (>10.2 mg/dL) with an elevated 
PTH level (>65 pg/mL; normal range 10–65 pg/mL)). 
Normative sex-, age- and education-matched controls 
without PHPT (n = 23) were selected from a CUMC study 
that established ‘normal’ fMRI neural activation patterns 
for core cognitive abilities/tasks (episodic memory, 
fluid reasoning, etc.) and assessed changes in neural 
activation across the lifespan (19, 22, 23). The same fMRI 
cognitive tasks and testing conditions were utilized for 
cases and controls (19). Controls were recruited between  
2013 and 2017.

Postmenopausal women who were native English 
speakers between 50 and 85 years of age were eligible 
to participate. We excluded those who were left-handed 
because of known differences in neural localization of 
language functions based on handedness and those 
with conditions affecting cognition. Information 
on comorbidities and medications was collected by 
questionnaire as previously described (24). Both cases 
and controls were free of significant cardiovascular 
(active coronary artery disease or heart failure) or 
neurologic conditions (brain injury, tumor, infection, 
epilepsy, dementia, learning disability, uncontrolled 
major depression, mental retardation, multiple sclerosis, 
degenerative diseases, Parkinson’s disease, Huntington’s 
disease, and attention deficit disorder). We also excluded 
those with renal or liver disease, active malignancy 
other than non-melanomatous skin cancer, HIV/AIDS, 
alcohol/drug abuse, uncontrolled hyper/hypothyroidism, 
uncontrolled hypertension or diabetes, uncorrectable 
vision/hearing, or those who had MRI contraindications. 
Controls had no known history of parathyroid disease. 
We also excluded men and premenopausal women to 
avoid the confounding effects of sex or menopause status.

Cognitive fMRI tasks

All participants were studied at baseline. The subset of 
patients with PHPT who elected to have PTX returned 6 
months after PTX. Tasks were selected based on our prior 
study that had indicated worse performance on tests of 
verbal memory and non-verbal abstraction (5). Prior to the 
scan session, computerized training was administered, and 
at the completion of training for each task, participants 
had the option of repeating the training. Responses were 
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differential button presses. During training, responses 
were made on the computer keyboard and during scans 
they were made on the LUMItouch response system. The 
following tasks were administered: (1.) Logical Memory: 
Stories are presented on the computer screen. The subjects 
are asked to answer detailed multiple-choice questions 
about the story, with four possible answer choices; 
(2.) Paired Associates: Pairs of words are presented, one 
at a time, on the screen, and subjects are instructed to 
remember the pairs. Following the pairs, they were given 
a probe word at the top of the screen and four additional 
word choices below. Subjects were asked to choose the 
word that was originally paired with the probe word; 
and (3.) Matrix Reasoning: (adapted from Raven, 1962) 
Subjects are given a matrix that is divided into nine cells, 
in which the figure in the bottom right cell is missing. 
Below the matrix, they are given eight figure choices, and 
they are instructed to evaluate which of the figures would 
best complete the missing cell.

Task stimuli were back-projected onto a screen 
located at the foot of the MRI bed using an LCD projector. 
Participants viewed the screen via a mirror system located 
in the head coil and, if needed, had vision corrected to 
normal using MR compatible glasses (manufactured 
by SafeVision, LLC. Webster Groves, MO). Responses 
were made on a LUMItouch response system (Photon 
Control Company). Task administration and collection 
of reaction time (RT) and accuracy data were controlled 
by EPrime (v2.08) running on a PC computer. Task onset 
was electronically synchronized with the MRI acquisition 
computer. Task accuracy and reaction time were recorded.

MR image acquisition and processing

All MR images were acquired on a 3.0 T Philips Achieva 
Magnet and used a 240 mm field of view. For the EPI 
acquisition, the parameters were: TE/TR (ms) 20/2000; Flip 
Angle 72 degrees; In-plane resolution (voxels) 112 × 112; 
Slice thickness/gap (mm) 3/0; 41 slices. In addition, T1 
MPRAGE was acquired to obtain a structural image of the 
brain necessary for registration to standard template. Each 
individual’s three fMRI scans were preprocessed in the 
same manner using the fMRIB Software Library (FSL; Smith 
et  al. 2004). The processing of the functional imaging 
data involved the following basic steps: (1.) within-
subject histogram computation for each subject volume 
to identify noise (FEAT); (2.) subject-motion correction 
(MCFLIRT); (3.) slice-timing correction; (4.) brain-mask 
creation from first volume in subject’s fMRI data; (5.) high-
pass filtering (T = 128 s); (6.) pre-whitening; (7.) General-

Linear-Model (GLM) estimation with equally temporally 
filtered regressors and double-gamma hemodynamic 
response functions; and (8.) registration of functional and 
structural images with subsequent normalization into 
MNI space (FNIRT). GLM for each subject and each task 
consisted of block-based time series analysis from which 
contrast images were used in the group-level analyses. The 
analysis compares activation within each image voxel in 
subjects vs controls or before vs after PTX. ‘k’ indicates 
the voxel cluster size. By convention, only clusters >50 
contiguous voxels with P < 0.01 are reported. Z-stat is 
the z-statistic from a standard transformation from the 
group level t-value of the statistical test used to determine 
whether the means differ between two groups.

Biochemistries

Fasting samples for serum calcium (normal 8.6–10.2  
mg/dL), creatinine (0.5–0.9 mg/dL), and phosphate (2.5–4.5 
mg/dL) were measured on a Cobas Integra 400 plus (Roche 
Diagnostics, Indianapolis, IN) with intra- and inter-assay 
precision <3.0%. Total intact PTH (normal 10–65 pg/mL) 
was measured with an IRMA (Scantibodies Laboratories, 
Hanover, Germany) with intra- and inter-assay precision 
of 4.0% and 5.8%, respectively. 25-hydroxyvitamin D2 
and 25-hydroxyvitamin D3 were measured using Ultra 
Performance Liquid Chromatography-Tandem Mass 
Spectrometry (LC-MSMS). Inter-day precision was 8.1% 
for 25-OH-D2 and 5.5% for 25-OH-D3.

Statistical analysis

Descriptive statistics were expressed as absolute (n) and 
relative (%) frequency and mean and s.d. for categorical 
and continuous demographics and biochemistries, 
respectively. Student’s t-test, Chi-squared test or 
Fisher’s exact test were used, as appropriate, to assess 
between-group differences in demographics and clinical 
characteristics. Paired t-tests were used to assess within-
person changes in biochemistries. A two-tailed P-value of 
<0.05 was considered statistically significant. SAS version 
9.4 was used for analysis.

Results

Clinical characteristics

Those with PHPT had biochemically mild disease 
(mean ± s.d.: serum calcium 10.4 ± 0.3 mg/dL, PTH 
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83.2 ± 38.5 pg/mL, 25-hydroxyvitamin D 37.4 ± 16.1 
ng/mL). In the PHPT group, 27.3% had a history of 
nephrolithiasis, 27.3% had osteoporosis, 18.2% had a 
history of fragility fracture, and 68.2% met one or more 
surgical criteria for PTX based on the 2014 Guidelines for 
the Management of Asymptomatic PHPT (25). Cases and 
controls did not differ in age or education or the frequency 
of comorbidities (Table 1). Participants with PHPT ranged 
between 53 and 77 years of age.

Baseline assessment

As shown in Fig. 1A and Table 2, patients with PHPT had 
reduced neural activation compared to controls during 
matrix reasoning in brain regions involved in executive 
function (the left frontal lobe (k = 57, Z-stat = 4.02, P < 0.01) 
and right medial frontal gyrus (k = 72, Z-stat = 3.24, 
P < 0.01)) and motor function (right precentral gyrus (k = 51, 
Z-stat = 3.08, P < 0.01)). Additionally, neural activation was 
lower in the left brainstem (k = 90, Z-stat = 3.64, P < 0.01).

Among those with PHPT, we assessed the association 
between neural activation and the biochemical hallmarks 
of PHPT severity (Table 3). Higher activation was associated 
with higher PTH in an area associated with working 
memory (left superior frontal gyrus (k = 55, Z-stat = 3.33, 
P < 0.01)) and higher calcium during this task (left middle 
temporal gyrus (k = 69, Z-stat = 3.74 P < 0.01)). There was 
also a negative association between PTH and activation in 
the left caudate head (Table 3) during this task.

During paired associates (verbal memory), those with 
PHPT had greater activation than controls in the right 
inferior parietal lobule (k = 65, Z-stat = 3.71, P < 0.01), an 
area involved in language and mathematical operations 
(Fig. 1B and Table 2). Greater activation in this region 
correlated with higher PTH (k = 96, Z-stat = 3.27, P < 0.01) 
during this task (Table 3). Higher calcium also correlated 
with greater activation in the left middle temporal gyrus 

during this task (k = 58, Z-stat = 3.71, P < 0.01). There was 
no between-group difference in activation during the 
other verbal memory task, logical memory. As shown 
in Table 3, there was also a positive correlation between 
serum PTH and higher activation in the left middle 
frontal gyrus during logical memory (Table 3). There were 
no differences in accuracy or reaction time between those 
with and without PHPT on any of the three tasks (data 
not shown).

Longitudinal assessment

Post-PTX fMRI was available on 15 participants, but 
one subject did not have data on matrix reasoning and 
one did not have paired associates data (i.e. image files 
corrupted). Those who participated in the longitudinal 
follow-up (n = 15) did not differ from those who did not 
(n = 8) by age (63.9 ± 5.9 vs 61.9 ± 5.8, P = 0.43), education 
(17.6 ± 1.9 vs 18.0 ± 1.4, P = 0.61), serum calcium (10.4 ± 0.4 
vs 10.5 ± 0.4, P = 0.85), or PTH (77.2 ± 30.5 vs 96.1 ± 52.2, 
P = 0.29). All participants were cured by surgery. As 
expected, after PTX, serum calcium and PTH normalized 
and 25-hydroxyvitamin D and serum phosphate increased 
in the PHPT group, while renal function did not change 
(Table 4). As shown in Fig. 2, after PTX, neural activation 
decreased during matrix reasoning, but in different 
brain regions than were affected pre-PTX: the largest 
cluster consisted of bilateral precuneus, angular gyri and 
cuneus, and the left lingual gyrus (k = 961, Z-stat = 4.04, 
P < 0.01) and the second cluster was part of the left 
posterior cingulate gyrus (k = 52, Z-stat = 3.12, P < 0.01), 
which are involved in complex visual processing and 
attention, respectively. Activation also decreased during 
the logical memory task after PTX in the left precuneus 
(cluster 1: k = 161, Z-stat = 3.48, P < 0.01; cluster 2: k = 120, 
Z-stat = 3.62, P < 0.01) and middle occipital gyrus (k = 120, 
Z-stat = 3.36, P < .01), though activation was not different 

Table 1 Demographics and co-morbidities.

PHPT Controls P-value

Age (years) 63.2 ± 5.8 63.3 ± 5.8 0.96
Education (years) 17.7 ± 1.8 17.3 ± 1.1 0.33
BMI (kg/m2) 26.7 ± 3.9 25.0 ± 4.1 0.20
Diabetes (%) 4.8% 5.0% 1.0
Hypertension (%) 22.7% 19.5% 1.0
Peripheral vascular disease (%) 0% 0% 1.0
Current smoking (%) 0% 5.0% 0.49
Anti-hypertensive use (%) 17.4% 14.3% 0.70
Cholesterol-lowering medication (%) 22.7% 9.5% 0.41

Variables represent mean ± s.d. or percentages.

https://eje.bioscientifica.com


AUTHOR COPY ONLY
Eu

ro
pe

an
 Jo

ur
na

l o
f E

nd
oc

ri
no

lo
gy
183:1 25Clinical Study Y Gazes and others Functional MRI in PHPT

https://eje.bioscientifica.com

between PHPT and controls during logical memory before 
PTX. Reaction time decreased after PTX on all tasks (data 
not shown), consistent with a learning effect.

Discussion

In this study, we assessed neural activation patterns in 
patients with PHPT compared to normal reference patterns 
among controls in order to assess neurophysiological 

mechanisms that may underlie cognitive changes in 
this condition as well as brain regions affected. To our 
knowledge, this is the largest study to utilize fMRI in 
PHPT and the only study to compare neural activation 
in PHPT to controls without PHPT. A major strength of 
our study is that our age- and education-matched controls 
were derived from a normal reference population database 
that established standard fMRI activation patterns for the 
given tasks (22). Our results indicate that task-related 
neural activation differs between those with and without 
PHPT in several regions of the brain involved in essential 
processing of the task demands, including executive 
function, attention, visual processing, and motor control. 
The areas in which the differences were localized are 
consistent with the expected brain regions and networks 
of brain activity for these tasks based on activation 
patterns in healthy adults (23). Further, we found an 
association between the biochemical hallmarks of PHPT 
severity and activation in some of the brain regions where 
neural activation was higher (parietal lobe during paired 
associates) in cases pre-operatively compared to controls.

While PHPT was associated with differences in the 
level of brain activity, task performance was similar. This 
may suggest that altered neural processing is needed in 
PHPT to maintain similar cognitive function compared 
to controls. The direction of the differences (higher or 
lower activation compared to controls) varied by task. 
We found greater activation in PHPT vs controls during 
the paired associates (verbal memory) task in the inferior 
parietal lobule, but lower activation during matrix (fluid) 
reasoning in other brain regions (right medial frontal 
gyrus, precentral gyrus, and inferior parietal lobe). While 
these results may seem inconsistent, both higher and 
lower activation in different brain regions have been 
reported in order to maintain cognitive performance 
in studies of aging and various diseases (26, 27, 28). 
Differences in activation (in either direction) with the 
same test performance can be interpreted as the need 

Figure 1
Representative fMRI images indicating neural activation in 
PHPT compared to controls during (A) matrix reasoning and 
(B) paired associates tasks. In A, activation is lower (blue) in 
patients with PHPT compared to healthy controls in the 
regions shown. During paired associates (B), those with PHPT 
had greater (red) activation than controls. Z refers to the 
Montreal Neurological Institute (MNI) coordinates in the 
inferior-superior spatial plane. X refers to the MNI coordinates 
in the left-right plane; L = left; R = right; A = anterior; 
P = posterior.

Table 2 Comparison of neural activation by fMRI between PHPT and healthy controls.

Task
Activation PHPT 
vs controls Voxel number (k)

MNI brain coordinates
Brain regionX Y Z

Matrix Reasoning Lower 90 9 −54 −30 Left Brainstem
Lower 72 3 15 60 Right Cerebrum; Frontal Lobe; Medial Frontal 

Gyrus
Lower 57 −30 −18 48 Left Cerebrum; Frontal Lobe
Lower 51 45 −9 60 Right Cerebrum; Frontal Lobe; Precentral Gyrus

Paired Associates Higher 65 57 −24 27 Right Cerebrum; Parietal Lobe; Inferior Parietal 
Lobule

All comparisons P < 0.01.
MNI, Montreal Neurological Institute.

https://eje.bioscientifica.com
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for recruitment of compensatory brain activity, regions, 
networks, or mechanisms to maintain equal cognitive 
performance, consistent with a detrimental effect of PHPT 
upon the brain. This may be consonant with feelings of 
‘mental fogginess’ or increased mental work that many 
patients with PHPT report.

There is a precedent for this in several other conditions, 
including lupus, multiple sclerosis, schizophrenia, and 
aging (27, 29, 30). For example, most studies indicate that 
patients with neuropsychiatric lupus perform comparably 
to healthy controls on cognitive tests, but have increased 
activation in the fronto-parietal lobes, which is thought 
to be necessary to preserve cognitive function (27). In 
aging, many studies have suggested that maintained 
cognitive performance with aging tended to be associated 
with greater activation in the frontal and parietal lobes 
and temporal cortex, whereas both greater and lower 
activation in the occipital cortex and hippocampal/medial 
temporal cortex were associated with better cognitive 
aging (26).

To investigate if PHPT severity was associated with 
neuronal function, we assessed correlations of serum 
calcium and PTH levels with neural activation. We found 
that both higher PTH and calcium tended to be associated 
with greater activation in various parts of the brain, 
including the inferior parietal lobule where activation was 
higher in those with PHPT compared to controls during 
the paired associates task. This may suggest that with 

greater biochemical severity (reflected by higher PTH and 
calcium), brain activation must increase to compensate to 
maintain function. However, we also found correlations in 
both directions between biochemical indicators of PHPT 
severity and neural activation in brain regions or during 
tasks where neural activation did not differ between those 
with and without PHPT. The significance of these latter 
findings is not clear.

We cannot further isolate the individual roles 
of calcium vs. PTH in the pathophysiology with the 
current analysis given the design and associations with 
both biochemistries. Both PTH and calcium have been 
associated with worse cognition in other studies (5, 
17, 31, 32, 33). The exact pathways by which PTH and 
calcium affect cognition have not been fully delineated. 
Hypercalcemia has been proposed to cause cerebral 
vasospasm or endothelial dysfunction (31). Calcium also 
plays a key role in regulating release of neurotransmitters 
at synaptic junctions. Hypercalcemia could interfere 
with that process. PTH may also have effects on 
cerebrovascular function (32). Both may act through 
other mechanisms. The goal of the current analysis was 
to assess whether neural activation was associated with 
disease state, namely PHPT, rather than isolate the effects 
of PTH vs calcium. Future studies that include those 
with normocalcemic PHPT could more clearly elucidate 
the contribution of calcium vs. PTH to differences in  
neural activation.

Table 3 Correlation between PHPT biochemistries and task-related activation.

Task Direction of association Voxel number (k)
MNI brain coordinates

Brain regionX Y Z

Calcium
 Matrix Reasoning Positive 69 −42 −6 −39 Left middle temporal gyrus
 Paired Associates Positive 58 −57 −36 0 Left middle temporal gyrus
PTH
 Matrix Reasoning Positive 55 −9 63 27 Left superior frontal gyrus

Negative 64 −9 30 −12 Left caudate head
 Paired Associates Positive 96 51 −48 45 Right inferior parietal lobule
 Logical Memory Positive 54 −33 54 18 Left middle frontal gyrus

All comparisons P < 0.01.
MNI, Montreal Neurological Institute.

Table 4 Biochemical changes after PTX.

Pre-PTX Post-PTX P-value

Serum calcium (mg/dL) 10.4 ± 0.4 9.4 ± 0.4 <0.0001
Serum PTH (pg/mL) 77.2 ± 30.5 43.4 ± 19.2 0.0002
Serum 25-hydroxyvitamin D (ng/mL) 40.2 ± 18.7 46.9 ± 19.1 0.004
Phosphate (mg/dL) 3.3 ± 0.5 3.7 ± 0.5 0.03
Creatinine (mg/dL) 0.77 ± 0.12 0.79 ± 0.13 0.63

PTH, parathyroid hormone; PTX, parathyroidectomy.
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The observed different patterns of neural activation 
were not ‘reversible’ with cure of PHPT after PTX. This could 
indicate that PHPT has a permanent effect on processing 
or more time is required to allow for improvement. 
Further work is needed to fully assess the implications of 
this finding. There is a parallel for this in terms of the 
skeletal changes that occur after PTX in PHT. While PHPT 
is clearly recognized to cause preferential loss of bone 
mineral density (BMD) at the one-third radius, BMD at 
this skeletal site does not improve after PTX or only does 
so after many years (1). The current study followed PHPT 
patients for 6 months after surgery. This duration was 
selected based on our prior study indicating improvement 
in verbal memory and non-verbal abstraction at 6 months 
post-PTX.

While the absence of inferior task performance or 
post-PTX improvement in neural activation does not 
support changing surgical guidelines for PHPT to include 
cognitive symptoms, the small number of participants 
followed longitudinally limits the overall conclusions 
that can be drawn regarding the effect of PTX upon these 
parameters. Further, we cannot determine if the patterns 
of neural activation would have worsened without PTX or 
as a function of time due to the absence of a non-operated 
PHPT comparator group. The post-PTX changes in neural 
activation observed in other brain regions, not affected 
pre-operatively, could be related to learning. Future 
studies will require a longitudinal control group to better 
elucidate the meaning of these post-operative changes in 
neural activation.

Only two studies have utilized fMRI to study 
cognition in PHPT and both lacked a comparison to 

normal controls. The first was a feasibility study of six 
patients assessed with fMRI before and 3 weeks after PTX 
(21). The authors reported an increase in activation in the 
medial prefrontal cortex and parietal lobe after surgery 
during an executive function task (the Stroop task) and 
a decrease in the dorsolateral prefrontal cortex (21). The 
same group conducted a small, randomized controlled 
trial of 18 patients with PHPT assessing the effect of PTX 
or observation upon neural activation during the Stroop 
task (13). There were no differences in neural activation 
over time between groups and no association between 
change in activation and changes in serum PTH or calcium 
(13). Inconsistencies between these studies and ours may 
be due to differences in the design, tasks utilized, fMRI 
techniques, and the size of the studies, among other 
factors.

In contrast to our prior study assessing cognition using 
traditional cognitive testing without fMRI (5), we did not 
find that verbal memory or executive function test/task 
performance was worse in those with PHPT compared to 
controls. The reasons for this are unclear. The specific tests 
utilized differed between our studies, but targeted the same 
cognitive demands (verbal memory and fluid reasoning). 
In the current study, the groups were well-matched to 
controls in age, education, and comorbidities and we 
excluded conditions known to affect cognition other 
than PHPT. Studies regarding the presence of cognitive 
symptoms in PHPT and improvement post-PTX have had 
inconsistent results (5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 
17). A recent systemic review that summarized the results 
of 13 observational pre-post PTX studies concluded there 
was mixed evidence for improvement in memory after PTX 
and very limited agreement in other cognitive domains 
(17). It is possible that biochemical severity accounts for 
some differences in cognitive task performance between 
our study and others. Our patients had biochemically 
very mild PHPT, which is the typical presentation of PHPT 
in the US today, in contrast to other investigations that 
included more severe hyperparathyroidism.

As no other studies have compared PHPT to controls 
and the neural activation patterns in our study were 
not reversible with PTX, replication of our findings is 
needed to definitively conclude that the differences in 
neuronal activity represent a ‘disease-specific’ pattern. To 
this end, however, we used well-matched controls from 
a referent normative fMRI database that has established 
standard patterns of activation for the given tasks across 
the lifespan (22). We believe these results are important 
because, while many patients with PHPT report cognitive 
symptoms, prior studies have not identified a consistent 

Figure 2
Representative fMRI images showing the decrease (blue) in 
neural activation during matrix reasoning between baseline 
and post-PTX in the right angular gyrus (panel A), posterior 
cingulate (panel B) and bilateral cuneus, and precuneus (panel 
C). X refers to the MNI coordinates in the left-right plane; Y 
refers to the MNI coordinates in the posterior-anterior plane; 
Z refers to the coordinates in the inferior-superior plane.
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measure to identify them. This and the lack of a clear 
mechanism have rendered this issue challenging to study 
and manage clinically. Thus, the presence and reversibility 
of neuropsychological symptoms have remained the most 
debated issue in the management of PHPT.

This study provides information regarding tools 
and testing that may be useful in future PHPT studies  
(2, 34). If other studies confirm a similar ‘fMRI fingerprint’, 
then it may offer a useful biomarker to detect subtle 
effects of PHPT on brain function that have not been 
objectively and rigorously identified with traditional 
cognitive testing. Ultimately, such a biomarker could 
also be valuable in making clinical decisions for patients 
with PHPT. Functional MRI is appealing because it is safe, 
non-invasive, and does not involve radiation or contrast. 
Further, beyond traditional testing, it can identify the 
brain regions affected and can determine whether there 
is neural compensation even in the presence of similar 
cognitive performance.

Our study has several limitations. While our study is 
large in comparison to other PHPT studies using fMRI, it 
is small compared to studies assessing cognitive aging or 
neurodegenerative disorders. However, with the current 
sample size, we had >99% power to detect the effect size 
for matrix reasoning between cases and controls with a 
two-tailed alpha of 1%. Since we lacked a longitudinal 
control group, we cannot determine if the change in 
neural activation and reaction time post-PTX is due to 
learning nor can we determine if neural activation may 
have worsened without PTX. Further, the size of the 
longitudinal cohort limits conclusions regarding the 
effect of PTX on neural activation. Additionally, this study 
was performed in a tertiary care center, participants had 
very mild PHPT, and many declined participation or were 
not eligible. We may have found more marked differences 
in those with biochemically severe PHPT. Our results may 
not be generalizable to those with severe PHPT and those 
included may not be representative of all patients with 
PHPT. Unfortunately, we did not collect data on subjective 
neuropsychological symptoms and cannot correlate these 
to biochemistries or neural activation. Lastly, we excluded 
participants with dementia on the basis of history, but did 
not formally screen or match cases and controls using a 
validated dementia instrument such as the mini-mental 
state exam or another test. The latter approach may have 
been a more robust method.

Our study also has several strengths. This is the only 
study to compare neural activation patterns in patients 
with PHPT compared to healthy controls. Further, we 
used controls from a normative database that established 

standard fMRI activation patterns for the given tasks 
across the lifespan. The study excluded conditions known 
to affect cognitive performance other than PHPT and our 
participants were well-matched to those without PHPT 
with regard to age, education, lifestyle factors, medications, 
and comorbidities, limiting the effects of these potential 
cofounders on our analysis. We also assessed the cognitive 
domains previously shown to be affected in PHPT with 
validated tests. Additionally, we studied patients well after 
the immediate postoperative period to prevent biases due 
to the nonspecific benefits of surgery.

In summary, PHPT is associated with differences in 
cognitive task-related neural activation by fMRI in brain 
regions related to executive function and verbal memory. 
These aspects of cognition include those reported to 
be affected in prior cognitive studies in PHPT. These 
altered neural activation patterns were associated with 
similar task accuracy, which may indicate that there 
are compensatory mechanisms to maintain cognitive 
functioning in PHPT. Future larger, longitudinal studies 
that include PHPT controls followed without surgery are 
needed to determine if PTX prevents worsening of altered 
neural activation patterns in PHPT.
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