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Abstract

In primary hyperparathyroidism (PHPT), protracted elevation of serum parathyroid hormone
(PTH) is held to be associated with cortical, but not trabecular, bone loss. However, an
alternative explanation for the apparent preservation of trabecular bone is fragmentation of the
cortex by intracortical remodeling. The cortical fragments resemble trabeculae and so may be

erroneously included in the quantification of ‘trabecular’ bone density.

To test this hypothesis, we compared bone microarchitecture in 43 patients with untreated
PHPT (mean 62.9 years, range 31-84) with 47 healthy age-matched controls and 25 patients
with surgically treated PHPT (63.6 years, 30-82). Images of the distal radius and tibia were
acquired using high-resolution peripheral quantitative CT and analysed using StrAx1.0, a new
software program that quantifies bone morphology in-vivo. Results were expressed as the
mean number of standardized deviations (SD) from the age-specific mean (Z scores, mean +

SEM).

In subjects with PHPT, total tibial cortical area was reduced -0.26 + 0.08 SD; p=0.002).
Cortical volumetric bone mineral density (vVBMD) was reduced (-0.29 = 0.06 SD; p<0.001)
due to higher cortical porosity (0.32 = 0.06 SD; p<0.001) and lower tissue mineralization
density (-0.21 £ 0.06 SD; p=0.002). Medullary area was increased (0.26 = 0.08 SD; p=0.002)

and trabecular vBMD was reduced (-0.14 = 0.04 SD; p<0.001).

In subjects who underwent successful parathyroidectomy, cortical area (-0.18 = 0.10 SD; NS)
and medullary area (0.18 + 0.10 SD; NS) did not differ from controls. Cortical vBMD was
reduced (-0.15 £ 0.05 SD; p=0.003) due to high porosity (0.15 = 0.05 SD; p=0.006), values

numerically lower than in untreated PHPT. Tissue mineralization density (-0.26 + 0.04 SD;



p<0.001) and trabecular vBMD were reduced (-0.16 + 0.04 SD, p<0.001). The results were

similar in the distal radius.

In PHPT, chronically elevated endogenous PTH does not spare trabecular bone; it causes bone
loss and microarchitectural deterioration in both cortical and trabecular compartments of

bone.

Key words: bone microarchitecture, cortical porosity, high-resolution peripheral quantitative

computed tomography, parathyroid hormone excess, tissue mineralization density



1.0 Introduction

Bone remodeling is surface dependent; it is initiated upon the three (intracortical, endocortical
and trabecular) components of a bone’s inner (endosteal) envelope. During young adulthood
remodeling is balanced; the volume of old or damaged bone matrix excavated beneath the
surface is replaced with an equal volume of new bone matrix[1]. During advancing age,
remodeling becomes unbalanced; less bone is deposited than was removed so that each time a

remodeling event occurs, focal structural deterioration ensues[2].

After menopause and in diseases such as primary hyperparathyroidism (PHPT), structural
deterioration accelerates because the surface extent of remodeling increases and the negative
bone multi-cellular unit (BMU) balance worsens[3].Remodeling upon trabecular surfaces
thins and removes them.Remodeling upon endocortical surfaces thins the cortex and enlarges
the medullary cavity. Intracorticalremodelingofthe cortex adjacent to the medullary canal
cavitates it;Haversian canals coalesce worsening the porosity, thinning the cortex from
‘within’ and producing cortical remnants that look like trabeculae (‘trabecularization’)[4].

Intracortical remodeling and porosity account for 70% of total bone lost with age[4].

Parathyroid hormone (PTH) excess in PHPT produces cortical bone loss but is purported to
preserve bone at trabecular sites[3-10]. This notion is based on finding normal or increased
so-called ‘trabecular’ bone volumetric bone mineral density (vBMD) when assessed by
noninvasive imaging and normal volume/total volume (BV/TV) using histomorphometry[3-

10].

These disparate findings in the cortical and trabecular compartments are unusual because the
three (endocortical, trabecular and intracortical) components of the endosteal (inner) envelope

are contiguous; they are connected forming one inner surfaceof the mineralized bone matrix



volume; remodeling with loss of bone due to the negative bone balance is generally similar on

each of these three components[11].

Thus, an alternative interpretation is that the normal or increased trabecular vBMD in PHPT is
an artifact produced by inclusion of cortical remnants because they resemble true trabeculae,
namely those of growth plate origin[4]. Cortical remnants are unlikely to confer normal bone
strength because ‘trabecularized’ bone is chaotic and lacks the cancellous architectural design
of trabecular bone[4].This view would also reconcile the increased vertebral fracture risk in
PHPT, an anomaly if endogenous PTH preserved or increased trabecular bone volume in

PHPT[6].

We hypothesized that (i) endogenous PTH in PHPT produces both cortical and trabecular
bone loss, (ii) cortical remnants, which resemble trabeculae, are erroneouly included in the
analysis of trabecular density, and (iii) there are residual deficits in both cortical and
trabecular bone following successful parathyroidectomy. To test these hypotheses, we
analyzed images of the distal radius and tibia acquired by high-resolution peripheral
quantitative CT (HRpQCT), using StrAx1.0, a new software program that quantifies bone

morphology in-vivo.

2.0 Materials and Methods
2.1 Patient cohort
Patients with untreated and surgically treated PHPT were recruited from Austin Hospital
(Melbourne, Australia) and Columbia University Medical Center (New York, USA). We
studied 43 untreated PHPT, 25 treated PHPT, and 47 age-matched healthy controls(table 1).
The healthy participants, previously published were recruited from the community[4]. The

mean duration post-parathyroidectomy was 5.3 £ 5.3 years. The study was approved by the



Human Research Ethics Committee of Austin Health and the Institutional Review Board of

Columbia University Medical Center. All subjects gave written, informed consent.

2.2 Image acquisition & analysis

Images of the non-dominant distal radius and tibia were acquired using high-resolution
peripheral quantitative CT (HR-pQCT, XtremeCT, Scanco Medical AG, Briittisellen,
Switzerland) which has an isotropic voxel size of 82um [12]. Daily quality control was
carried out by scanning a phantom containing rods of hydroxyapatite (QRM Moechrendorf,
Germany). Radiation exposure was ~3 uSv per measurement. Images were retrieved and
analysed using a new software (StrAx1.0, SttAxCorp, Melbourne, Australia) [13]. Analysis
was restricted to the 40 most proximal of the 110 slices in the region of interest as they have
thicker cortices allowing accurate assessment of porosity.Results for bone compartments,
cortical morphology and trabecular vBMD were derived from StrAx1.0 analysis. Trabecular
morphology (i.e., trabecular number, thickness and separation) was derived from Scanco

Medical AG software analysis.

Using curve profile analysis, bone is segmented from the soft tissue background and then into
its compact-appearing cortex, outer and inner transitional zone, and medullary (trabecular)
compartment. Once deposited, matrix rapidly undergoes primary mineralized reaching ~80%
of its peak mineralization density within days to weeks. StrAx1.0 excludes voxels with
attenuation between 80-100% of the maximum attenuation produced by
1200mghydroxyapatite(HA)/cc, fully mineralized bone, when quantifying porosity, because
these voxels contain younger bone at various stages of secondary mineralization responsible
for the heterogeneity in mineralization that could be mistakenly interpreted as porosity.
These voxels are unlikely to contain Haversian canals (pores in cross section) because few

are less than 25 microns diameter).Porosity is quantified by estimating the void fraction of



each of the remaining voxels. To do so, the mineralized bone matrix volume of each voxel is
quantified using an interpolation function derived from two referents;(i) the attenuation of
voxels containing fully mineralized bone matrix (equivalent to thatproduced
by1200mgHA/cc)are assigned a value of 100% and (ii) voxels that are empty with an
attenuation equivalent to background are assigned a value of 0%. The volume fraction of a
voxel that is void (otherwise known asporosity) is 100% minus the mineralized bone matrix
fraction.  The porosity of the compartment is the average void volume fraction of all
composite voxels which vary in their proportions of void and mineralized bone matrix, not

only the completely empty voxels [13].

To quantify tissue mineralization density, only voxels with attenuation values between 80 and
100% of the attenuation producedby 1200mgHA/cc are used. The difference between the
attenuation produced by voxels containing only mineralized bone and the attenuation
produced by background represents the attenuation produced by the mineral within the bone
matrix. Tissue mineral density is the ratio of the attenuation produced by the mineral in the
bone matrix to the attenuation produced by 1200 mgHA/cc.Frequency distribution curves
depicting the composition of the cortex according to voxel content (empty, mineralized bone

matrix only, varying proportions of each) were also computed [13].

Segmentation and quantification of porosity is accurate with r* ranging from 0.88 to 0.99 at
the distal radius and tibia which assessed bone morphology in-vivo compared to gold
standard micro-CT (19 pum voxel size). Reproducibility, the root mean square error of the

coefficient of variation is 0.5 to 3.0%.



Total cortical area, the compact-appearing cortical area, OTZ and ITZ and medullary area
were expressed as a percentage of the total CSA to adjust for bone size. Tissue mineralization
density was determined by the attenuation produced by voxels whose volume was occupied

by bone matrix and no void volume.

2.3 Biochemical analyses
Serum intact PTH and 25(OH) vitamin D were measured using an electro-chemiluminescence
immunoassay (Roche Modular E170, Switzerland). Serum calcium and phosphate were

analysed by automated techniques (unicel DXC 800, Beckman Coulter Inc, USA).

2.4 Statistical analyses

Measurements were expressed as mean Z scores (= SEM), the number of standardised
deviations (SD) from age-, sex- height- and weight- adjusted mean of zero based on the linear
regression in 47 healthy controls. T-tests assessed whether the Z scores differed from zero.
Group comparisons were made using ANOVA. The contribution of cortical porosity and
tissue mineralization density to the variance in cortical vBMD was determined using stepwise
regression analysis. A frequency distribution curve of mineralized bone matrix content of
compact-appearing cortex was plotted for the three groups. A p value of <0.05 was considered
to be statistically significant. Analyses were conducted using SPSS version 20 software (SPSS

Inc, Chicago, USA).

3.0 Results

3.1 Untreated PHPT vs. controls
As shown in Figure 2 and Table 2, for the distal tibia, relative to controls, untreated patients
with PHPT had reduced total cortical area (compact-appearing plus transitional zone) (-0.26 +

0.08 SD, p = 0.002) and increased medullary area (0.26 £ 0.08 SD, p = 0.002). The compact-
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appearing cortical area and outer transitional zone area were each reduced (-0.31 + 0.08 SD, p
<0.001 and -0.43 = 0.15 SD, p = 0.007 respectively). The inner transitional zone area was not

reduced.

Total cortical vBMD was reduced (-0.29 + 0.06 SD, p <0.001) due to (i)increased cortical
porosity in the compact-appearing (0.13 £ 0.04 SD, p=0.003) and in the transitional zones
(0OTZ, 0.16 £ 0.05 SD, p = 0.002 and ITZ, 0.32 + 0.04 SD, p<0.001) and (ii) reduced tissue
mineralization density (-0.21 + 0.06 SD, p = 0.002) of the surrounding bone matrix.Of the
reduction in cortical vBMD, 97.5% was attributable to the increased cortical porosity with
only2.0% attributable to lower tissue mineralization density. Cortical vBMD and cortical
porosity correlated inversely with r*= 0.975 before, and 0.983 after,adjustment for tissue
mineralization (both p <0.001). The void bone matrix mineralization distribution curve was
shifted left relative to controls (Figure 4). Trabecular vBMD was reduced (-0.14 = 0.04 SD,
p <0.001) relative to controls. Trabecular separation was increased (0.07 = 0.03 SD, p =
0.030) but trabecular number (-0.06 £ 0.05 SD; p=0.250) and the trabecular thickness (0.10 +

0.06 SD; p=0.110) did not differ from controls (Figure 3).

3.2 Treated PHPT vs. controls

In successfully surgically treated patients, relative to controls, total cortical area was not
reduced and medullary area was not increased. @ The compact-appearing cortical
areawasreduced (-0.22 £ 0.09 SD; p=0.03). The outer and inner transition zone areas were no
different to controls. Total cortical vBMD was reduced (-0.15 £+ 0.05 SD; p=0.003). Overall,
total cortical porosity was increased due to increased ITZ porosity; porosity in compact-
appearing cortex and OTZ were no different to controls. Tissue mineralization density
distribution was shifted to the left relative to controls. Trabecular vBMD was reducedrelative

to controls (-0.16 £ 0.04 SD; p <0.001) due to reduced trabecular number (-0.19 +0.05 SD;



p<0.001) not thickness (0.09 + 0.08 SD; NS). Trabecular separation was increased (0.24 +

0.09 SD; p<0.010) (Figure 3).

3.3 Treated PHPT vs. untreated PHPT

In successfully surgically treated patients, total cortical area, compact-appearing cortical area
and outer transitional zone areawere 3, 10, and 15%larger thanin untreated patients
respectively; none reaching significance. The inner transition zone area was no different.
Cortical vBMD was 8% greater than in the untreated patients (p = 0.075). Total cortical
porosity,  compact-appearing  cortex, outer  and inner  transitional = zone
porositywerehigherrelative to controls,but 9, 22, 16, and 2%less than in the untreated patients
with none reaching significance.  Tissue mineralization density was lowrelative to
controls,but no differentwhen compared tothe untreated group (p=NS) (Figure 2and Table
2). Trabecular vBMD, number, thickness and separation were no different to the untreated
patients.  Results for the distal radius were attenuated but showed a similar trend to that of
the distal tibia.

4.0 Discussion

We report that endogenous PTH excess as seen in PHPT is deleterious to both cortical and
trabecular bone in the distal tibia. Specifically, (i) mean cortical bone area was reduced due to
remodeling upon the intracortical surface eroding the cortex from ‘within’ producing porosity
and upon the endocortical surface eroding it ‘outwards’ enlarging the medullary cavity, (ii)
mean tissue mineralization density of the surrounding compact-appearing cortical bone matrix
was reduced, (ii1) there was a left shift of the void-matrix mineralization density distribution
curve relative to controls due to a increased cortical porosity which reducedcortical vBMD.

(iv) Mean trabecular vBMD was reduced. (v) Patients with surgically corrected PHPT had
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residual but somewhat less severe deficits in several traits. The results were similarat the distal

radius but attenuated.

4.1 Cortical deficits

These results, and those using peripheral quantitative computed tomography [14, 15] and high
resolution pQCT[16], suggest that endogenous PTH excess results in structural deterioration
of both cortical and trabecular bone and that these deficits may be partly reversible [17].
Patients with PHPT had reduced cortical bone area for two reasons. Firstly, intracortical
remodeling removed more bone than it replaced leaving void (porosity). Secondly,
endocortical resorption eroded the cortex enlarging the medullary area. While endocortical
resorption is commonly regarded as a main mechanism responsible for cortical thinning in
PHPT and in ageing, the main mechanism we propose that is responsible is intracortical
remodeling which thins the cortex from the ‘inside’ by cavitating the inner compact cortex
[4]. The transitional zone area increases at the price of compact appearing cortex as a result of

intense remodeling in this region.

During remodelingin advancing age, ~95% of the bone removed by each BMU is
replacedwith new bone in these patients. This newly deposited (younger) bone matrix has a
lower tissue mineralization density than the bone matrix removed so that there is a left shift in
the tissue mineralization density distribution as more void is produced and an increasing
proportion of the newly formed osteons have a lower tissue mineral density. Nevertheless, as
primary mineralization occurs rapidly and achieves >80% of full mineralization of collagen,
little of the deficit in cortical vBMD was due to reduced tissue mineralization density of the
newly deposited bone; most of the deficit in cortical vBMDwas the result of increased

intracortical porosity produced by the negative BMU balance.
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4.2 Trabecular deficits

Intracortical remodeling in the inner cortex produces cortical remnants which resemble true
trabeculae (i.e., of growth plate origin). These remnants are erroneously called ‘trabeculae’
are usually included in quantification of trabecular vBMD. Most imaging methods are not
able to distinguish cortical remnants from true trabeculae and therefore show increased or
normal trabecular bone volume in PHPT. When these cortical remnants were excluded from
the analysis, trabecular vBMD was reduced due primarily to an increase in trabecular
separation as the negative BMU balance and high remodeling intensity completely perforate

and remove complete plates.

In untreated subjects, trabecular density was reduced while trabecular number and thickness
were not reduced. Trabecular density was measured using StrAx1.0 which recognizes the
transitional zone and confines assessment of trabecular density to the medullary compartment
[13]. Analysis of the trabecular number and thickness was done using the Scanco method
[12], which does not recognize the transitional zone and so does not account for cortical
trabecularizationwhich erroneously increases trabecular number and likely increases

trabecular thickness (as remnants of the cortex may be thick and contain osteons).

Finding that ‘trabecular’ number was lower in the successfully surgically treated patients is
consistent with the notion that reversal of porosity in the inner cortex, which re-corticalizes
the fragments (regarded as trabeculae), reduces what is mistakenly called ‘trabecular’ bone.
Evidence of this will require prospective studies. The lack of differences between untreated
and successfully surgically treated subjects may reflect the lack of power and that some

deficits are irreversible following successful surgery.

12



4.3 Increased bone remodeling intensity causes bone deficits

Increased bone formation rate determined using dynamic histomorphometry is reported in
PHPT[3-10, 13, 18-20]. This measurement is the product of the surface extent of bone
formation (reflecting activation frequency or the intensity of bone remodeling) and the
mineral apposition rate (MAR).Remodeling intensity and the degree of negativity of the BMU
balance vary from surface to surface, but there is no evidence that remodeling events produce
a net positive balance upon trabecular surfaces (resulting in trabecular bone gain) and a net
negative balance upon the endocortical and intracortical surfaces (resulting in cortical bone
loss). The increased in bone forming surfaces upon trabeculae in PHPT is the result of high
surface extent of remodeling — there are more BMUSs per unit surface area. This will not
preserve trabecular bone volume unless the negative BMU balance is corrected. It will not
increase trabecular bone volume unless the volume of bone deposited is greater than the
volume removed by each of the increased numbers of BMUs. Evidence of increased mean
wall thickness or MAR is not compelling. Thus, there is little convincing evidence to support

the notion that PTH preserves or increases trabecular bone volume.

4.4 Residual bone deficits post-parathyroidectomy

In many of the parameters measured in the post-parathyroidectomy group, deficits were still
present but less so than in untreated patients. The residual deficits suggest that the effects of
PTH excess in PHPT are not entirely reversible because the negative BMU balance
irreversibly removes complete trabeculae that cannot be reconstructed and produces large
coalescent pores that cannot be refilled during the bone formation phase of bone remodeling

because of the negative bone balance.

A cautionary note is needed because this was not a prospective study and preoperative

morphology was not known. The extent to which these changes can be shown to be reversible
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will require prospective studies with long follow-up after parathyroidectomy. Another
limitation is that all the controls were recruited in Melbourne, however there were no

detectable differences between the Melbourne and New York cases.

5.0 Conclusion

In conclusion, contrary to prevailing notions, PTH excess in PHPT is deleterious both to
cortical and trabecular compartments of bone. The normal or high trabecular density reported
in several studies is likely to be the result of inclusion of cortical remnants in the medullary
compartment. It is likely that these cortical remnants do not function as competent trabecular
elements. Data on increased fracture risk in PHPT, albeit limited, may be explained by these

observations.
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Figure Legends

Figure 1. Segmentation and quantification of HR-pQCT images by StAx1.0.(A) The
acquired grey scale image. (B and C) StrAx1.0 segments bone from the soft tissue
background, and segments bone into its compact-appearing cortical, outer and inner
transitional zones, and the trabecular compartment. Total cortex comprises compact-appearing
cortex, inner transitional zone and outer transitional zone. Color-coding is based on the

proportion of mineralized matrix and void volumes in each voxel.

Figure 2. Distal tibia (A, C) and radius (B, D) morphology expressed as Z scores
adjusted for height and weight (mean + SEM). To adjust for bone size, morphology is
expressed asthe proportion of the total bone cross-sectional area. Total cortical area, compact-
appearing cortical (CC) area, outer transitional zone (OTZ), inner transitional zone (ITZ) and
medullary area are shown in patients with untreated primary hyperparathyroidism (PHPT) and
surgically treated patients. Cortical morphology with total cortical volumetric bone mineral
density (vVBMD) determined by total cortical porosity (comprising CC; OTZ, ITZ) and tissue

mineralization density (mineralization). *p<0.05 compared to zero

Figure 3. Distal tibia (A) and radius (B) trabecular (trab) morphology (vBMD, number,

thickness and separation). *p<0.05 compared to zero.

Figure 4. Frequency or void-bone matrix distribution curve of voxels within the
compact-appearing cortex of the distal tibia (A) and distal radius (B). Voxels on the left
contain only void volume (0%), more void than mineralized bone matrix volume, more
mineralised bone matrix than void volumes, and only mineralized bone matrix volume on the
right (100%). Relative to controls, untreated PHPT had a left shift. Relative to untreated
PHPT, treated PHPT had a right shift. These relative shifts were similar in both distal tibia

and radius.
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Figure 3.
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Figure 4.
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Tables

Table 1. Baseline patient characteristics

Untreated Treated Controls | Reference
PHPT PHPT ranges
(n=43) (n=25) (n=47)
Age (years) 62.9 £ 13.8 63.6+13.6 |61.1+14.9
Height (m) 1.63 £0.11 1.64 £0.09 | 1.66 +0.10
Weight (kg) 78.9 £ 18.0 753+£16.7 | 744+£13.5
Female:Male 31:12 17:8 31:16
Caucasian:Hispanic: African 41:1:1 24:1:0 47:0
American
Melbourne:New York patients 31:12 15:10 47:0
Time since diagnosis (years) 1.9+2.0
Time since surgery (years) 53+53
Corrected serum calcium 266+0.16% | 2.41+020°| 2.42+0.11°] 2.10-2.60
(mmol/L)
Serum phosphate 1.02+0.21 1.10£0.16 | 1.24+0.20 | 0.60 — 1.40
(mmol/L)
Serum PTH 130£57° | 64+43" | 41£09° |1.6-69
(pmol/L)
Serum 25(OH)D 589+13.8 | 554+18.1 | 54.5+£23.3 | >75°
(nmol/L)
% supplementated with 48 47 45
cholecalciferol
% supplementated with calcium 0 26 20

Values expressed as mean + SD

“Untreated PHPT vs. Treated PHPT p <0.05

bUntrea‘[ed PHPT vs. Control p <0.05

cRepresents the desirable level of 25(OH) vitamin D at our institution
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Table 2. Bone morphology expressed as Z scores (mean = SEM)

Untreated PHPT Treated PHPT

Tibia Radius Tibia Radius
Bone
Compartments
Total cortical area 026+0.08" [-004+£0.05 |-0.18+0.10 |-0.11+0.06
CC area -0.31+0.08" |-0.03£0.05 |_922+0.09* |-0.10+0.07
OTZ area 0.43+0.15% | 0.02+0.05 -0.07 £ 0.09 0.02 +£0.06
ITZ area 0.03+0.04 |-0.08+0.08 |-0.03+£0.06 |-0.06+0.07
Medullary area 0.26 +0.08" | 0.04+£0.05 0.18+0.10 0.11+0.06
Cortical
Morphology
Total cortical VBMD | _029 + 0.06" | -0.10 = 0.05* | -0.15+0.05" | -0.08 = 0.06
Total cortical porosity | 032 +0.06 | 0.09=+0.05 0.15+0.05" | 0.06+0.06
CC porosity 0.13+0.04" | 0.06+0.06 |-0.01+0.05 |-0.03+0.06
OTZ porosity 0.160.05° | 0.14+006% | 0.04+0.06 0.04 +0.08
ITZ porosity 032+004" | 020+0.06* | 0.20£0.04" | 0.19+0.05%
Tissue Mineralization| 021 + 0.06° | -022 +0.05" |-0.26+0.04" |-0.21 +0.08"
Density
Trabecular
Morphology
Trabecular vBMD -0.14 + 0.04" -0.09+£0.06 | -0.16+0.04" | .0.16+0.06"
Trabecular number® | -0.06 + 0.05 -0.12+0.09 | -0.19+£0.05" | -0.26 + 0.08"
Trabecular thickness™ | 0.10 = 0.06 -043+0.17* | 0.09+0.08 | 064 +0.19"
Trabecular separation™ | ( 7 + 0.03% 030+0.15 | 0.24+0.09* | 0.27+0.12%

Area is expressed as a proportion of the total bone cross-sectional area

CC (compact-appearing cortex)




OTZ (outer transitional zone)

ITZ (inner transitional zone)

0Lp value <0.05 compared to zero

B

p value <0.01 compared to zero

Yp value <0.001 compared to zero

A

parameter derived from Scanco Medical AG software
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Highlights

Endogenous PTH excess is deleterious to both cortical and trabecular bone

Cortical bone area was reduced

Cortical vBMD was reduced due to increased cortical porosity and reduced tissue
mineralization density

Trabecular vBMD was reduced

Patients with surgically corrected PHPT had residua,l but less severe, deficits in several

traits
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