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Abstract Vitamin D deficiency is associated with an
increased risk of many diseases (skeletal and nonskeletal).
Emerging data also associate high concentrations of serum
parathyroid hormone (PTH) with morbidity and increased
mortality in patients both with and without known chronic
kidney disease (CKD). Understanding the relationship
between vitamin D and PTH and the determinants of PTH is
therefore important. We performed a cross-sectional study of
203 patients with varying stages of CKD randomly recruited
from the Renal Unit database at our institution. Detailed case
review was performed, and samples of fasting blood were
taken for biochemical analyses. We measured standard bio-
chemistry, 25-hydroxyvitamin D (25-OHD), 1,25-OHD, and

S. Patel (X))

Department of Rheumatology, St Helier University Hospital,
Wrythe Lane, Carshalton, Surrey SM5 1AA, UK

e-mail: sanjeev.patel @esth.nhs.uk

J. L. Barron - M. Mirzazedeh
Department of Clinical Biochemistry, St Helier University
Hospital, Carshalton, Surrey SM5 1AA, UK

H. Gallagher
Department of Nephrology, St Helier University Hospital,
Carshalton, Surrey SM5 1AA, UK

S. Hyer
Department of Endocrinology, St Helier University Hospital,
Carshalton, Surrey SM5 1AA, UK

T. Cantor
Scantibodies Clinical Laboratory, 9236 Abraham Way,
Santee, CA 92071, USA

W. D. Fraser

Department of Clinical Biochemistry and Metabolic Medicine,
Royal Liverpool University Hospital, Prescot Street,
Liverpool L7 8XP, UK

three PTH measurements [1-84 PTH, total PTH, and derived
N-terminal truncated, 7-84 PTH (cPTH)]. Vitamin D defi-
ciency was high, with 86% of patients having 25-OHD levels
below 30 ng/ml. Estimated glomerular filtration rate (¢eGFR)
was not associated with 25-OHD levels, whereas 1,25-OHD
was lower in those with CKD stage 5 versus stage 4, who were
not treated with vitamin D metabolites (18 vs. 65 pg/ml,
respectively; P < 0.05). All three PTH measurements
increased with worsening eGFR, with this finding being more
pronounced in those patients who were not treated with vita-
min D metabolites. The slope of the regression line of cPTH
on eGFR tended to be steeper, —0.90, compared to —0.81 for
total PTH and —0.80 for 1-84 PTH (P = 0.06). The ratio of
total PTH to cPTH did decrease significantly through the
range of CKD stages (P = 0.03). The determinants of PTH
were similar for all three PTH measurements, with eGFR
having a strong inverse relationship, with weaker relationships
for 25-OHD and ionized calcium on multivariate analyses. We
confirm that there is a complex relationship between 25-OHD,
eGFR, and PTH. Total PTH, 1-84 PTH, and cPTH increase
with increasing CKD stages, with a relatively greater increase
in cPTH, although the clinical significance of this finding
remains uncertain. The three PTH measurements had similar
correlations with the biochemical and clinical variables stud-
ied, suggesting that either total PTH or 1-84 PTH can be used
in clinical practice when evaluating vitamin D and PTH status.

Keywords Bone mineral parameters - Vitamin D -
PTH - Hyperparathyroidism - Chronic kidney disease
Introduction

Vitamin D deficiency, in association with secondary
increases in parathyroid hormone (PTH), is common in the
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population, and is present to an even greater extent in
patients with chronic kidney disease (CKD). Although the
importance of vitamin D and PTH to bone health is well
recognized, recent epidemiological studies show that vita-
min D deficiency is also associated with increased risk and
severity of many nonskeletal diseases such as cancer,
autoimmune, and cardiovascular diseases [1-3]. What is
not commonly appreciated is that increased PTH is also
associated with morbidity and mortality that are indepen-
dent of bone disease. Thus, increased PTH has been shown
to be associated with increased morbidity and mortality
independent of age and known comorbidities in individuals
both without [4, 5] and with [6-8] CKD.

Understanding the relationship between vitamin D and
PTH and the determinants of PTH concentration is there-
fore important. In a previous study [9], we have shown that
the PTH response for a given 25-OHD level is variable and
dependent on many factors, of which glomerular filtration
rate (GFR) was the strongest. These patients were studied
retrospectively and included all patients who had 25-OHD
level measured over a period of 12 months at our hospital.
The nature of the study design meant that there were rel-
atively few clinical details available for these patients.
Additionally, we used an intact PTH assay (PTH 1-84) in
our previous study and therefore could not be certain as to
whether the relationships with PTH were to some extent
influenced by the measurement of fragments that cross-
react with the intact PTH assay (PTH 7-84). In the present
study, we recruited a well-characterized group of patients
with a wide range of renal function to (1) evaluate mea-
surements of mineral metabolism across the range of stages
of chronic kidney disease (CKD), (2) compare the perfor-
mance of three PTH measurements, and (3) determine
whether our previous findings of the determinants of PTH
can be reproduced in a better defined and well-studied
population.

Materials and methods

Following approval from the local ethics committee, we
recruited patients registered with the South West Thames
Renal Unit based at our institution. At the start of the
study (January 2007), there were 1,740 registered patients
who lived within 25 miles, aged between 18 and 80 years,
who had CKD but had not received a transplant and were
not treated with bisphosphonate, strontium ranelate,
estrogens, selective estrogen modulators, cinacalcet, or
paricalcitol. They did not have other diseases known to
affect bone metabolism such myeloma or primary
hyperparathyroidism. Using a random number generator,
over the course of the study, 1,000 patients were invited
by letter and then by telephone to participate in this study,
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resulting in 203 patients who were recruited with com-
plete data.

Participating patients attended our Clinical Trials Unit
where a clinical trials trained nurse obtained informed
consent for the study, then took a detailed history, per-
formed height and weight measurements, and took a fasting
blood sample that was immediately processed in the lab-
oratory (described below). Patients also filled in a ques-
tionnaire to establish dietary calcium intake [10].

Biochemical measurements

Fasting blood samples, taken between 0800 and 1100,
were obtained for all patients and were pre-dialysis for
those on hemodialysis. Samples were analyzed for bio-
chemistry including serum sodium, potassium, urea, total
calcium, albumin (Alb), magnesium (Mg), phosphate
(PO,), total protein, and total alkaline phosphatase (total
ALP), measured by standard kits on an Advia 2400
analyzer (Siemans Healthcare, Frimley, UK). Albumin-
adjusted calcium was obtained using the formula
ACa = TCa + [(40 — Alb) x 0.02]. Using heparinized
blood, ionized calcium (iCa) was measured by ISE (ion
selective electrode) on an ABL 800 analyser (Radiometer,
Copenhagen, Denmark). Serum creatinine was determined
by the O’Leary modified Jaffe method (Sinemed Europe,
Burgess Hill, UK). Estimated glomerular filtration rate
(eGFR) was calculated using the method-adjusted MDRD
formula [eGFR = 186 x {[(serum creatinine/0.85)] x
0.011312}7"1%% x [age]™?*%] [11]. Patients were classi-
fied according to K/DOQI guidelines [12]. Samples were
separated into aliquots and frozen at —80°C for subsequent
batched assays. Ethylenediaminetetraacetic acid (EDTA)
plasma was used to measure 1-84 PTH (which only
measures the 1-84 fragment) and total PTH (which
measures both 1-84 PTH and 7-84 PTH) by immunoas-
say (Scantibodies, Santee, CA, USA). N-terminal trun-
cated 7-84 PTH (cPTH) levels were calculated by
subtracting 1-84 PTH from total PTH. Serum was used to
measure 25-OHD by HPLC-MSMS (Liverpool Univer-
sity); 25-OHD, and 25-OHD; and deuterated internal
standard were extracted from serum samples, following
protein precipitation, using Isolute CI18 solid-phase
extraction cartridges. Potential interfering compounds
were removed by initial elution with 50% methanol fol-
lowed by elution of the vitamins using 10% tetrahydro-
furan in acetonitrile. Dried extracts were reconstituted
before injection into a HPLC tandem mass spectrometer
in the multiple reaction mode (MRM). The MRM tran-
sitions (m/z) used were 413.2 > 395.3, 401.1 > 383.3, and
407.5 > 107.2 for 25-OHD,, 25-OHD3, and hexa deuter-
ated (OH) vitamin Dj3, respectively. Coefficients of vari-
ations (CVs) for the assay were <10% across a working
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range of 0.1-250 ng/ml for both D, and Ds5. 1,25-OHD
was measured as previously described [13].

Statistical analysis

Clinical data are presented as mean (SD) unless data were
skewed, where median (IQR) is given. We used the Kruskal—
Wallis test to determine whether there were significant dif-
ferences between multiple CKD groups. If this was signifi-
cant, the Mann—Whitney U test was used to determine when
differences were significant between groups. Thus, the
Mann—Whitney U test was used to compare CKD stages in
pairs (CKD2 to CKD1; CKD3 to CKD2; CKD4 to CKD3;
CKD5 to CKD4; and CDKS5 to CKD5D). The Bonferroni
correction was used to maintain the type 1 error rate to <0.05
within each set of comparisons. The slope of the linear
regression lines for comparison of the relationship between
the PTH measurements and eGFR was assessed for statisti-
cal difference using Prism for Windows 4.0 (GraphPad
Software, La Jolla, CA, USA). All other statistical analyses
were performed using SPSS version 15.0 for Windows
(SPSS, Chicago, IL, USA). All tests of significance were two
tailed and considered significant at the 5% level.

Results

We recruited 203 patients, 130 men and 73 women; their
characteristics are shown in Tables 1 and 2.

Demographics, comorbidities, physical activity, dietary
calcium intake, and medication use

Patient mean age was 64 years (SD, 13; range, 23-80).
Their ethnicity was Caucasian, 179; African, 5; Oriental, 2;
Asian, 12; other, 5. With respect to comorbidities, 41
(20%) patients had a diagnosis of diabetes mellitus, 36
(18%) patients had known coronary artery disease, 16 (8%)
patients had stroke, and 49 (24%) patients had peripheral
vascular disease. A history of low trauma fracture was
given by 29 (14%) patients.

With respect to physical activity (see Table 1), the mean
number of hours that patients reported as being on their feet
per day was 5.7 (SD, 3.2; range, 0—16). With deteriorating
CKD, patients spent fewer hours on their feet, although this
improved when on dialysis; 3 (2%) patients left their home
less than twice per week, 14 (7%) patients left their home
2-3 times per week, 97 (48%) patients left their home 4-6
times per week, and 88 (43%) patients left their home
daily. Dietary calcium intake was significantly lower in the
CKD 5 dialysis group compared to the CKD 5 nondialysis
group. With respect to drug therapy, 30 (15%) patients
were taking calcium supplements, 43 (21%) were taking

1-a-calcidol, and 144 (71%) patients were being treated
with neither; 13 (6%) patients were being treated with
glucocorticoids. As would be expected, more patients with
CKD stage 5 and dialysis were being treated with calcium
supplements and 1-o-calcidol compared to other stages.

Calcium, phosphate, and magnesium

For all 203 patients, ionized Ca and adjusted Ca remained
stable across the CKD stages (see Table 2); however,
serum PO, and Ca x PO, product increased with lower
GFR (especially CKD4 and CKD5). Similar changes were
seen in those 144 patients not taking calcium supplements
or 1-a-calcidol (Table 3). No significant differences were
found between CKD stages 5 and 5D.

Vitamin D metabolites

The prevalence of vitamin D deficiency was high, with
17 of 203 (86%) patients having a total 25-OHD level of
<30 ng/ml, 126 of 203 (62%) <20 ng/ml, and 26 of 203
(13%) <10 ng/ml.

Renal function did not influence 25-OHD, with levels
remaining stable through the range of CKD stages (other
than in CKD 3) for all 203 patients (Table 2) and the 144
patients not taking calcium supplements or 1-z-calcidol
(Table 3). As would be expected, 1,25-OHD was signifi-
cantly lower in CKD 5 and 5D only for patients not taking
1-a-calcidol (Table 3), with a nonsignificant reduction in
CKD 5D for all 203 patients. We looked for a “substrate
effect” of 25-OHD on 1,25-OHD and found no association
of 25-OHD with 1,25-OHD at r = —0.01 (P = 0.89) for all
203 patients and r = 0.06 (P = 0.50) for the 144 patients
not taking calcium or 1-a-calcidol). This lack of associa-
tion persisted even when a subset of patients with low
25-OHD (<20 ng/ml) was examined.

Parathyroid hormone measurements

Changes in PTH (total PTH, 1-84 PTH ,and cPTH) with
CKD stage were examined in three ways.

We determined the median PTH for each CKD group.
The three PTH measurements showed significant and sim-
ilar increases in concentrations with higher CKD stages
(CKD 3-5D) for all 203 patients (see Table 2), with greater
increases seen in those patients not taking calcium supple-
ments or 1-o-calcidol (see Table 3), although this did not
reach significance in view of the small numbers of subjects.

Second, we then examined the slope of the regression of
PTH on eGFR data for all 203 patients (after log trans-
formation) (Fig. 1). For all 203 patients, r* was 0.54 for
total PTH (P < 0.0001), 0.56 for 1-84 PTH (P < 0.0001),
and 0.56 for cPTH (P < 0.0001). The slope was —0.81
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Table 1 Patient characteristics

Characteristic All patients CKD stages Kruskal-
CKD 1 CKD 2 CKD 3 CKD 4 CKD5  CKD 5 Dialysis ;vilillze

n (%) 203 12 (6%) 33 (16%) 66 (33%) 37 (18%) 19 (9%) 36 (18%)

eGFR (ml/min)* 32 (3-182) 107 (94-182) 72 (60-88) 42 (30-58) 21 (16=29) 10 (5-14) 8 (3-12)

Age (years) 64 (12) 52 (17) 55 (14) 67 (10) 67 (11) 66 (11) 65 (13) <0.0001

Male (%) 73/130 (36%)  4/12 (6%) 18/33 (16%)  24/42 (33%)  11/37 (18%)  5/19 9%)  11/37 (18%)

Height (m) 1.70 (0.11) 1.73 (0.12) 1.68 (0.11) 170 (0.11)  1.72(0.10) 1.72 (0.11)  1.69 (0.12) 0.50

Weight (kg) 80 (18) 77 (17) 79 (19) 81 (18) 86 (17) 80 (18) 73 (19) 0.02

BMI 27 (6) 26 (5) 28 (6) 28 (5) 29 (5) 27 (7) 25 (6) 0.02

Diabetes mellitus 41 (20.3%) 1 (0.5%) 4 (2.0%) 14 (6.9%) 12 (5.9%) 5 (2.5%) 5 (2.5%)

CAD 36 (17.7%) 0 (0%) 3 (1.5%) 11 (5.4%) 8 (3.9%) 5 (2.5%) 9 (4.4%)

Stroke 16 (8.0%) 0 (0%) 2 (1.0%) 4 (2.0%) 4 (2.0%) 2 (1.0%) 4 (2.0%)

PVD 49 (24.2%) 0 (0%) 7 (3.4%) 20 (9.9%) 12 (5.9%) 4 (2.0%) 6 (3.0%)

Previous fracture 29 (14.3%) 0 (0%) 3 (1.5%) 11 (5.4%) 9 (4.4%) 1 (0.5%) 5 (2.5%)

Hours on feet 5.7 (3.2) 79 (3.2) 6.1 (3.2) 5.8 (2.8) 5.7 @3.7) 4.7 (2.3) 54 (3.2) 0.08

Ca intake (mg/day) 942 (355) 1185 (614) 957 (320) 1010 (315) 802 (365) 952 (367) 784 (245) 0.003

Phosphate binders 30 (14.8%) 0 (0%) 0 (0%) 2 (1.0%) 1 (0.5%) 6 (3.0%) 21 (10.3%)

1-o-calcidol 42 (20.8%) 1 (0.5%) 0 (0%) 2 (1.0%) 7(3.5%) 13 (64%) 19 (9.4%)

Steroids 12/203 (6.0%) 1 (0.5%) 1 (0.5%) 3 (1.5%) 1 (0.5%) 2 (1.0%) 4 (2.0%)

No significant differences were found for BMI and calcium intake using the Mann—Whitney U test comparing consecutive CKD stages (see

“Statistical analysis™)

CKD chronic kidney disease, eGFR estimated glomerular filtration rate, BMI body mass index, CAD known coronary artery disease, PVD known

peripheral vascular disease
4 Median (range)

[95% confidence interval (CI), —0.91 to —0.70] for total
PTH, -0.80 (95% CI, —0.87 to —0.68) for 1-84 PTH, and
—0.90 (95% CI, —1.01 to —0.80) for cPTH. The slope for
cPTH tended to be steeper compared to 1-84 PTH, but this
difference was not statistically significant (P = 0.06).
Similarly, for the 144 patients who were not taking calcium
and 1-o-calcidol, ¥ was 0.52 for total PTH (P < 0.0001),
0.51 for 1-84 PTH (P < 0.0001), and 0.49 for cPTH
(P < 0.0001). The slope was —0.83 (95% CI, -0.96 to
—0.70) for total PTH, —-0.89 (95% CI, -1.03 to —0.75) for
1-84 PTH, and —1.00 (95% CI, —1.16 to —0.83) for cPTH.
Again, the slopes were not statistically different between
1-84 PTH and cPTH (P = 0.26).

Third, we determined the ratio of 1-84 PTH to cPTH. The
ratio decreased significantly with increasing CKD stages
(from CKD stage 3) for both patient groups (see Tables 2, 3)
suggesting that there were relatively greater increases in
cPTH compared to 1-84 PTH with increasing CKD stages.

Determinants of PTH
Correlations for the potential determinants of PTH are

shown for all three PTH measurements in Table 4 for all 203
patients. eGFR had the largest correlation coefficient with
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PTH (showing a strong inverse relationship), with weaker
inverse relationships for calcium intake, ionized calcium,
total 25-OHD, 1,25-OHD, and albumin. A strong positive
relationship was seen with serum phosphate, which was
strongly inversely related to eGFR (r = —0.55; P < 0.0001)
and a weaker relationship with serum magnesium.

Multiple stepwise linear regression analysis with PTH as
a dependent variable was performed for each of the PTH
measurements, with eGFR being the strongest determinant,
with 25-OHD and ionized calcium being weaker determi-
nants (Table 5). The relationship between PTH, eGFR, and
25-OHD is shown in Fig. 2 for all nondialysis patients.
PTH was significantly higher for any tertile of 25-OHD
with higher CKD stages. The effect of eGFR on PTH was
most pronounced with lower 25-OHD (particularly in CKD
stages 3, 4, and 5, where PTH was higher in tertile 1
compared to tertile 3 of 25-OHD). This finding was seen
for all three PTH measurements.

Discussion

Vitamin D deficiency with secondary hyperparathyroidism
is common. Although it is recognised that vitamin D
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Table 2 Biochemical data according to CKD stages for all 203 patients

Characteristic All patients CKD stages Kruskal—

Wallis
CKD | CKD 2 CKD 3 CKD 4 CKD 5 CKD 5 P value
Dialysis

n (%) 203 12 (6%) 33 (16%) 66 (33%) 37 (18%) 19 (9%) 36 (18%)

Creatinine (pmol/l) 259 (209) 77 (8) 96 (11) 141 (28) 233 (41) 463 (137) 604 (199)

eGFR (ml/min)* 32 (3-182) 107 (94-182) 72 (60-88) 42 (30-58) 21 (16-29) 10 (5-14) 8 (3-12)

ITonized Ca (mmol/l) 1.25 (0.08) 1.22 (0.05) 1.23 (0.03) 1.26 (0.10) 1.27 (0.07) 1.24 (0.07) 1.22 (0.08) 0.026

Adjusted Ca (mmol/l) 2.27 (0.14) 2.24 (0.07) 2.25 (0.09) 2.28 (0.10) 2.25 (0.17) 2.29 (0.17) 2.34 (0.19)

Phosphate (mmol/l) 1.30 (0.31) 1.11 (0.18) 1.10 (0.15) 1.13 (0.18) 1.30 (0.19)* 1.56 (0.30)% 1.3 (0.30) <0.0001

Ca x P product 2.88 (0.7) 2.5 (0.4) 2.4 (0.4) 2.6 (0.5) 2.8 (0.4)* 3.6 (0.8)° 3.6 (0.8) <0.001

Mg (mmol/l) 0.86 (0.13) 0.82 (0.05) 0.82 (0.06) 0.83 (0.08) 0.88 (0.10) 0.91 (0.22) 0.90 (0.18) <0.003

25 Vitamin D, (ng/ml) 1.5 (1-2.2) 1.8 (1.4-2.2) 1.8 (1.3-3.1) 1.2 (0-2.1) 1.3 (0-1.8) 1.2 (0-1.8) 1.5 (1-2.2) 0.039

25 Vitamin D3 (ng/ml) 15 (11-23) 16 (11-21) 13 (10-19) 20 (14-25) 14 (11-20) 17 (9-19) 15 (10-24) 0.076

25 Vitamin D (total) 18 (13-26) 19 (15-22) 16 (12-20) 22 (16-29) 15 (12-23) 17 (9-21) 16 (11-25) 0.013

(ng/ml)

1,25 Vitamin D (pg/ml) 55 (39-72) 71 (52-88) 59 (53-74) 55 (43-73) 57 (36-70) 61 (43-83) 42 (26-60)* 0.002

Total PTH (pg/ml) 72 (39-174) 29 (23-46) 34 (29-48) 44 (32-73)* 104 (69-135)% 219 (110-390)% 219 (132-405)  <0.0001

1-84 PTH (pg/m)l 37 (23-96) 19 (16-23) 22 (17-26) 24 (18-36) 56 (34-105)* 115 (58-223)" 115 (73-227) <0.0001

cPTH (pg/ml) 34 (17-79) 11 (7.5-21) 13 (10-21) 21 (13-35)* 52 (30-82)" 79 (49-160)* 104 (66-158) <0.001

Ratio of 1-84 PTH/ 1.24 (1.00-1.56) 1.50 (1.08-2.35) 1.52 (1.23-2.06) 1.26* (1.00-1.52) 1.19 (0.99-1.39) 1.11 (0.96-1.48) 1.01 (0.90-1.30) <0.0001

cPTH

Data for 25 vitamin D, 1,25 vitamin D, and parathyroid hormone (PTH) are median (interquartile range) and for eGFR median (range)

No significant differences were found for CKD 2 versus 1
* P < 0.05 CKD 3 versus 2

# P < 0.05 CKD 4 versus 3

$ P <0.05CKD 5 versus 4

# P <0.05 CKD 5D versus 5

(Bonferroni corrected P values)

deficiency is associated with an increased risk of many
diseases (skeletal and nonskeletal), there are also emerg-
ing data that associate high concentrations of serum PTH
with morbidity and increased mortality in patients both
with and without known CKD [4-7]. Understanding the
relationship between vitamin D and PTH and the deter-
minants of the PTH response for a given level of vitamin
D is therefore important. In the present study, we have
extended our previous work [9], by studying total PTH,
1-84 PTH, and cPTH in a group of well-defined patients
with a broad range of GFR. We also examined changes in
mineral metabolism with differing stages of CKD in a
UK-based population as there are differences in social,
ethnic, nutritional, and health system characteristics
among countries.

Changes in bone chemistry and vitamin D with CKD
stages

We found that ionized calcium (iCa) was preserved within
a tight range, which is expected given the essential role of
calcium in homeostasis, and that serum PO, (and calcium
phosphate product) as well as serum Mg increased
with deteriorating renal function. As expected, 25-OHD

deficiency was common. 25-OHD was lower in patients
with CKD 4, 5, and 5D, which has been noted in some [14]
but not all previous studies [15, 16]. This variation in
findings is likely to be related to differences in the popu-
lations studied (such as skin type, latitude, sunlight expo-
sure, diet, and comorbidities). The potential clinical
relevance of these differences is that it cannot be assumed
that deteriorating CKD will always be associated with
reduced 25-OHD; therefore, patients should be individually
assessed. In contrast to 25-OHD, 1,25-OHD concentrations
are consistently reduced with reduced GFR in the current
and in previous studies [14-16], which is likely to be
caused by reduction in the activity of the 1-x-converting
enzyme with reduced kidney function. We investigated
whether substrate deficiency of 25-OHD would result in
low 1,25-OHD levels and found no association between
25-OHD and 1,25-OHD even in a subset of patients with
low 25-OHD (<20 ng/ml). There are conflicting findings in
patients with known CKD, with some studies showing no
significant association between 25-OHD and 1,25-OHD
[14] or positive associations [15, 17]. Similarly, previous
studies of patients without CKD have showed variable
associations [18]. This variance is likely to be caused by
different population characteristics. Thus, 25-OHD levels
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Table 3 Biochemical data according to CKD stages for the 144 patients not taking calcium or 1-«-calcidol

Characteristic CKD stage Kruskal—
Wallis
CKD 1 CKD 2 CKD 3 CKD 4 CKD 5 CKD 5 P value
Dialysis
n =144 11 (7%) 33 (23%) 62 (43%) 28 (19%) 5 (4%) 5 (4%)

Tonized Ca (mmol/l) 1.25 (0.08) 1.22 (0.05) 1.23 (0.03) 1.26 (1.01)* 1.26 (0.07) 1.22 (0.09) 1.14 (0.07) 0.011
Phosphate (mmol/l) 1.19 (0.24) 1.12 (0.18) 1.07 (0.15) 1.13 (0.18) 1.28 (0.22)* 1.55 (0.61)% 1.57 (0.17) <0.0001
Ca x P product 2.7 (0.5) 2.51 (0.46) 2.41 (0.36) 2.58 (0.45) 2.87 (0.48)" 3.42 (1.13)% 3.37 (0.36) <0.001
Mg (mmol/l) 0.84 (0.10) 0.82 (0.06) 0.82 (0.06) 0.83 (0.08) 0.89 (0.09) 0.89 (0.18) 0.73 (0.13) 0.54
25 Vitamin D, (ng/ml) 1.5 (1-2.3) 1.7 (1.4-2.0) 1.5 (1-2.4) 1.8 (1.2-2.9) 1.2 (0-1.9) 1.6 (0-2.3) 0.01 (0-1.1) 0.034
25 Vitamin D3 (ng/ml) 15 (11-23) 18 (11-21) 13 (11-20) 21 (12-26) 14 (10-18) 9 (5-13) 10 (5-31) 0.14
25 Vitamin D (total) (ng/ml) 17 (12-26) 18 (12-22) 16 (12-21) 22 (15-29) 14 (12-19) 11 (5-15) 11 (5-31) 0.006
1,25 Vitamin D (pg/ml) 57 (43-74) 74 (62-88) 59 (52-72) 55 (43-73) 65 (37-73) 18 (17-23)% 16 (15-20) 0.009
Total PTH (pg/ml) 48 (32-92) 30 (24-49) 34 (29-48) 43 (31-61) 119 (73-189)* 342 (189-474) 255 (182-381)  <0.0001
(1-84) PTH (pg/ml) 26 (19-48) 19 (16-24) 22 (17-26) 24 (18-34) 64 (37-107)* 182 (117-254) 168 (84-229) <0.0001
cPTH (pg/ml) 22 (12-45) 11 (7-25) 13 (10-22) 20 (13-28) 55 (30-84)" 160 (69-220) 134 (70-158) <0.0001
Ratio of 1-84 PTH/cPTH 1.28 (1.04-1.62) 1.50 (1.06-2.40) 1.46 (1.21-2.00) 1.27* (1.00-1.56) 1.21 (0.94-1.47) 1.14 (1.11-1.68) 1.09 (0.89-2.02  0.034

Data for 25 vitamin D, 1,25 vitamin D, and PTH are median (interquartile range) and for eGFR median (range)

No significant differences were found for CKD 2 versus 1
* P < 0.05 CKD 3 versus 2
# P < 0.05 CKD 4 versus 3
¥ P <0.05 CKD 5 versus 4

(Bonferroni corrected P values)

will be affected by factors that are not kidney specific, such
as skin type, latitude, and diet, whereas 1,25-OHD will be
influenced by GFR and PTH (which stimulates the 1-o-
converting enzyme) and, in some populations, possibly
circulating 25-OHD, which is the substrate for conversion
to 1,25-OHD.

PTH and GFR

In this study we have examined and described changes in
total PTH, 1-84 PTH, and derived cPTH. All three PTH
measurements increased with higher CKD stages from
CKD stage 3, with, as expected, greater fold increases in
patients who were not treated with calcium and 1-o-calc-
idol (Table 3).

We compared the changes with eGFR between the PTH
measurements in two ways. First, we examined the slope of
the regression equations of the three PTH measurements
against eGFR. This approach has the advantage that the
analysis is not affected by differing baseline values (as
would be the case if absolute or percentage changes were
examined). The steeper the slope, the greater the rate of
change in PTH with declining eGFR. Second, similar to
previous studies [19], we determined the 1-84 PTH/cPTH
ratio for each stage of CKD. We conclude that cPTH does
increase more than 1-84 PTH with reducing eGFR, which
has been noted previously [19]. Thus, cPTH did tend to
have a steeper slope compared to 1-84 PTH, and the ratio

@ Springer

of 1-84PTH/cPTH decreased with lower GFR (see
Tables 2, 3), which was true for all 203 patients and in the
144 patients who were not taking calcium or vitamin D
analogues. This finding is consistent with previous work
showing that cPTH undergoes renal clearance and accu-
mulates in renal failure [20, 21].

Whether the relatively greater increase in cPTH is of
any clinical value or concern remains contentious. The
ratio of 1-84 PTH whole/cPTH has been shown in some
[22] but not all studies [23-25] to be related to bone
turnover and bone histology. In particular, it has been
suggested that a lower ratio is associated with low bone
turnover/adynamic bone disease [26]. More recently,
Kurajoh et al. [27] suggested that active PTH fragments
increase with worsening renal failure from their study of
pre-dialysis patients (mean GFR, 22 ml/min). They
examined the 1-84 PTH (whole)/intact PTH (1-84 and
N-truncated fragments 7-84) ratio, finding that this ratio is
inversely related to GFR. They did not determine, as we
have done in the present study, the 1-84/cPTH ratio, and so
direct comparison is not possible, partly because of this
difference and partly because they have restricted their
study to pre-dialysis patients whereas our data were more
inclusive of a full range of CKD/GFR. Prospective studies
that correlate baseline PTH measurements (and ratios) with
clinical outcomes, such as fracture, will be needed to fully
define the putative role of these derived indices. In the
meantime, this area remains contentious.
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Fig. 1 Regression of parathyroid (PTH) measurements on estimated
glomerular filtration rate (eGFR) for all three PTH measurements
(n = 203)

Determinants of PTH

Although it is common to presuppose that 25-OHD defi-
ciency will result in secondary hyperparathyroidism, this is
clearly not always the case, with data from our previous
study and others demonstrating that the relationship is
more complex. That is, not all patients with a low 25-OHD
will have higher PTH levels as there are other variables
determining whether PTH will be increased [9, 28-32]. For
example, in our previous work [9], we found that only 24%
of patients with a 25-D of less than 50 nmol/l had increased
PTH levels.

The current study examines potential determinants more
exhaustively, in that we have measured dietary calcium
intake, plasma ionized calcium (iCa), serum Mg, and 1,25-
OHD in addition to other commonly assessed variables.
We overcame a major limitation of our previous study, and
that of other authors [33], by measuring total (intact) PTH,
1-84 PTH (whole), and cPTH (N-terminally truncated) so
that we could see if our previous finding that GFR has a
major role in the determinant of the PTH response for a
given 25-OHD level was the result of accumulation of the
biologically inactive PTH fragment, which has been pre-
viously noted with CKD.

Univariate analysis for all three PTH measurements
showed similar strengths of relationships to the parame-
ters examined (Table 4). Inverse relationships with PTH
were seen for dietary calcium and plasma iCa. Serum Mg
had a positive relationship with PTH, although the sig-
nificance of this is likely to be small, as serum Mg
increases with worsening eGFR (r = —0.30; P < 0.001),
similar to PTH.

Multiple regression analyses also showed the same
findings for all three PTH measurements (Table 5). With
each PTH measurement as the independent variable, we
found that eGFR was significantly associated with the three
PTH measurements, but 25-OHD was only included in the
models for total PTH and 1-84 PTH, with iCa replacing
25-OHD for cPTH. Serum 25-OHD has a direct inhibitory

Table 4 Pearson’s correlation coefficients between PTH measurements, age, BMI, and biochemical variables for all patients (n = 203)

PTH measurement  Age BMI Calcium intake = eGFR iCa Mg PO, Albumin  25-OHD  1,25-OHD
Total PTH 0.15%  0.12  —0.20%* —0.68*** —0.15%  0.23%* 0.46%**  —0.14* —0.20%%  —0.27%%*
1-84 PTH 0.13 0.10  —0.21%* —0.69 ***  —0.14 0.227%* 0.48***  —0.13 —0.20%*  —0.27%%*
cPTH —0.15% 0.10 —0.18*% —0.71%%* —0.15%  0.26%**%  0.45%%*  —0.15% —0.15% —0.26%%*

* P <0.05, ** P <0.01, ¥*** P < 0.001
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influence on the synthesis of PTH, as represented by both
total and 1-84 PTH, whereas cPTH is a product of the
metabolism of secreted PTH and will be affected more by
renal excretion, on which 25-OHD does not have a major
effect. cPTH increases with decreasing GFR because it is
usually cleared by glomerular filtration. With decreasing
eGFR, ionized Ca influences PTH secretion; therefore, this
finding suggests that cPTH is more influenced by ionized
Ca than 25-OHD. Those patients who were not treated with
calcium or 1-a-calcidol also had higher levels of PTH
measurements (see Table 3). Our interpretation of these
data are that all three PTH measurements essentially
behave in a similar way and for clinical use either total
(intact) PTH or 1-84 PTH (whole) would be appropriate.

We recognize a number of strengths and limitations of
this study. We randomly selected patients from a database
of patients with CKD who were then well characterized
and for whom comprehensive biochemical analyses were

Table 5 Stepwise linear multiple regression analyses for total, 1-84,
and c-PTH and age, calcium intake, eGFR, iCa, Mg, PO,, albumin,
total 25-OHD, and 1,25-OHD (n = 203)

performed including PTH measurements, vitamin D
metabolites, and potential determinants including calcium
intake, ionized calcium, and Mg that have been omitted in
previous studies. Limitations include the cross-sectional
study design and the relatively low recruitment rate, which
reflects the geographical spread of the patients in rela-
tionship to our hospital. Additionally, the cross-sectional
study design limits the ability to draw firm causal conclu-
sions, and further longitudinal studies will be required to
explore some of the findings.

Conclusion and future recommendations

In conclusion, we have studied changes in bone mineral
parameters and examined the relationship between 25-OHD
and PTH in a well-characterized group of patients with
varying stages of CKD. We have shown that although 1,25-
OHD levels do decrease with decreasing GFR, 25-OHD
levels remain relatively stable. We confirm that there is a
complex relationship between 25-OHD, GFR, and PTH.
Total PTH, 1-84 PTH, and cPTH increase as eGFR

Standardised beta coefficients  Significance  gocreases with a relatively greater increase in cPTH,
Total PTH-adjusted 72 of 0.53 although the clinical significance of this finding remains
eGFR 20,692 <0.0001 uncertain. The three PTH measurements had similar corre-
25-0HD ~0.176 <0.0001 lations with the biochemical and clinical variables examined
1-84 PTH-adjusted 7* of 0.56 in the study, with the highest correlation being with eGFR
<GFR ~0.710 <0.0001 followed by 25-OHD, suggesting that either total PTH
25-OHD _0175 <0.0001 (intact) or 1-84 PTH (whole) can be used in clinical practice
cPTH-adjusted 72 of 0.55 when evaluating vitamin D and bone mineral status in
«GFR 0732 <0.0001 patients with CKD. However, there remain considerable
Tonized calcium _0'1 25 0‘ 001 issues with measuring and interpreting PTH measurements,
= ' particularly in patients with CKD, and further refinement of
Other variables excluded from final model assays and clinical outcome studies are needed.
(a) Total PTH (b) 1-84 PTH (¢c) ¢ PTH
250 _ 250 250
ETN £ E
D 500 2 200 - B 200 1
T T T
'— _ —~
& 150 & 150 E 150
s 3 o
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Fig. 2 PTH measurements according to tertile of 25-OHD and chronic kidney disease (CKD) stage
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