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Introduction: Secondary hyperparathyroidism (SHPT) increases the risk of fractures and cardiovascular
(CV) disease in patients on hemodialysis (HD). The relationship between parathyroid hormone (PTH) and
outcomes has been inconsistent, possibly due to variable bone responsiveness to PTH. The KDIGO
guideline suggests monitoring total alkaline phosphatase (ALP), but the role of ALP versus PTH in the
management of mineral and bone disorder (MBD) is not clear.

Methods: The analysis included 28,888 patients on HD in 9 countries in Dialysis Outcomes and Practice
Patterns Study (DOPPS) phase 3 to 7 (2005-2021). The primary exposures of interest were normalized
ALP and PTH, which are raw values divided by facility upper normal limit, measured at study
enrollment. Cox models were used to estimate hazard ratios of all-cause or CV mortality and any or
hip fracture adjusted for potential confounders. Linear mixed models, adjusted for potential con-
founders, were employed to investigate the relationship between normalized ALP levels and patient
characteristics.

Results: Normalized PTH showed a J-shaped association with all-cause or CV mortality, and a weak linear
association with fracture. In contrast, normalized ALP showed a strong association with all outcomes.
Factors associated with higher ALP levels after controlling for PTH included Black race, longer dialysis
vintage, diabetes mellitus, hypocalcemia, hypophosphatemia, elevated C-reactive protein (CRP), and the
use of cinacalcet.

Conclusion: Total ALP is a more robust exposure of adverse outcomes than PTH in patients on HD. PTH
responsiveness is affected by race, primary renal disease, comorbidities, and mineral metabolism and
therapy. Our results indicate that it may be useful to evaluate target organ response, rather than PTH alone
when considering the consequences of (SHPT).

Kidney Int Rep (2024) 9, 863-876; https://doi.org/10.1016/j.ekir.2024.01.002

KEYWORDS: alkaline phosphatase; fractures; hemodialysis; mortality; parathyroid hormone

© 2024 International Society of Nephrology. Published by Elsevier Inc. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

he MBD of chronic kidney disease (CKD) is an
important risk factor for patient morbidity and
mortality. ! The risk of fractures and CV disease increases
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however, the association between PTH and outcomes,
especially fractures, is inconsistent across epidemiolog-
ical studies.”"”

The target organ response to PTH is reduced in CKD,
a condition sometimes referred to as “PTH resistance”
or “PTH hyporesponsiveness.”'” Responsiveness to
PTH could show important variability based on region,
ethnicity, and patient-related variables such as
comorbidities and medical therapies. Bone turnover
markers are substances released from bone during the
process of skeletal remodeling. Total ALP is the bone
biomarker most assessed in routine clinical practice
worldwide. ALP in the systemic circulation is a com-
bination of different isoforms of this enzyme, approx-
imately 50% of which originates from bone.'* Previous
observational studies have demonstrated the correla-
tion between serum ALP levels and mortality, hospi-
talization, CV events, and fractures in dialysis
patients.'”'® However, there have been no reports on
the differences between ALP and PTH concerning the
clinical outcomes in dialysis patients. By expressing the
consequences of SHPT, it could be hypothesized that
bone biomarkers such as ALP constitute better expo-
sures of outcomes related to this condition, because it is
not confounded by PTH resistance.

This study aimed to compare the associations of ALP
and PTH with clinically relevant end points in patients
receiving HD, by using data from the DOPPS. Further,
we investigated the association between patient char-
acteristics and normalized ALP levels.

METHODS

Data Source

The DOPPS is a prospective cohort study of adult pa-
tients on chronic in-center HD in 21 countries, ongoing
since 1996. Patients on maintenance HD were randomly
selected from HD facilities in each country'”*’; detailed
information is included at http://www.dopps.org. The
DOPPS includes data on patient demographics, socio-
economic measures, comorbidities, laboratory mea-
sures, medication prescriptions, and prospective
follow-up for hospitalization and mortality.

Variables

The primary exposures of interest were normalized
ALP and normalized PTH—raw values divided by fa-
cility upper normal limit—measured at study enroll-
ment. All laboratory values, including ALP and PTH,
comorbid conditions, and medication prescriptions
were abstracted from medical records at study enroll-
ment. Facility upper normal limits for laboratory values
were captured by the study coordinator at each HD
facility completing the DOPPS laboratory reference
sheet. Hospitalizations and mortality (including cause)
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were captured prospectively throughout follow-up. CV
mortality was defined as death due to one of the
following primary causes: stroke, myocardial infarc-
tion, hyperkalemia, pericarditis, atherosclerotic heart
disease, cardiomyopathy, cardiac arrhythmia, cardiac
arrect, valvular heart disease, pulmonary edema due to
exogenous fluid, congestive heart failure, cerebrovas-
cular accident, ischemic brain damage/encephaloph-
agy, and hypokalemia. Hip fracture was defined as
hospitalizations with diagnosis code as “Hip Fracture”
in any of the 6 diagnosis codes. Any fracture was
defined as having hospitalizations with “Hip fracture”
or “Other fracture” as diagnosis code, or with “Fracture
repair” as procedure code.

Study Sample

In this analysis, patients from DOPPS phases 3 to 7
(2005—2022) with vintage (time since dialysis initiation)
>120 days were included. Patients were excluded if
they had missing data on ALP or PTH, severe inflam-
mation (CRP >40 mg/l), cirrhosis of the liver, any 1 of 3
laboratory values (bilirubin, ALT, and AST) >1.5 fa-
cility upper normal limit, or any 3 of 4 laboratory
values (bilirubin, ALT, AST, and ALP) above the fa-
cility upper normal limit. Facilities without upper limit
of ALP or PTH were excluded. For analyses of cause-
specific hospitalization and mortality, we further
excluded patients dialyzing in HD facilities that did not
sufficiently report causes of hospitalization or mortal-
ity. A detailed summary of the number of patients
excluded for each presented  in
Supplementary Figure S1.

reason is

Statistical Analysis

We summarized the distribution of ALP and PTH
levels both before and after normalization to HD fa-
cility upper normal limit, by region (Europe, Japan,
US) and by Black/nonblack race within the US. We
described the distribution of HD facility upper normal
limit of ALP and PTH levels, by region. To isolate the
absolute normalized ALP independent of PTH, we
compared normalized ALP levels across region and race
within strata of normalized PTH levels.

We provided a descriptive summary of patient
characteristics across categories of normalized ALP and
normalized PTH, overall and by region or race. Because
the skeletal responsiveness to PTH has been shown to
depend on the severity of SHPT,”""** descriptive ana-
lyses were conducted to illustrate the distribution of
normalized ALP levels within categories of normalized
PTH and across the following subgroups determined a
priori: region or race, cause of end-stage kidney disease,
autosomal dominant polycystic kidney disease
(ADPKD), diabetes, active vitamin D (i.e., calcitriol or
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one of its synthetic analogs) use, calcimimetics use,
CRP, serum phosphorus, and serum calcium.

To investigate the association more formally between
patient characteristics and normalized ALP levels, we
used linear mixed models with a random facility inter-
cept to account for clustering and adjusted for potential
confounders as fixed effects. To avoid overadjustment
for mediators, models investigating case-mix exposures
were adjusted for DOPPS phase, country, patient de-
mographics, and comorbidity history, whereas models
investigating laboratory exposures were additionally
adjusted for other laboratory values, with the exception
of CRP, which was rarely measured in some countries.
The outcome variable (normalized ALP) was log-
transformed due to the skewed distribution and to
lessen the impact of extreme outliers on results. For
presentation, coefficients were exponentiated and can
thus interpreted as a ratio of means (e.g., 1.07 = 7%
higher normalized ALP).”’ Results are presented with
and without adjustment for normalized PTH to evaluate
exposures of higher normalized ALP with and without
controlling for PTH.

To investigate the association between the 2 expo-
sures (normalized ALP, normalized PTH) and time-to-
first-event clinical outcomes, including all-cause or
CV mortality and any or hip fracture, we used Cox
regression, stratified by DOPPS phase and country,
using a robust sandwich covariance estimator to ac-
count for facility clustering. A cause-specific hazards
approach was used to handle competing risks. Time-at-
risk begins at DOPPS enrollment and ends at the time
of the event of interest, death, 7 days after leaving the
facility due to transfer or change in modality, loss to
follow-up, or administrative end of study phase
(whichever occurred first). For all outcomes, only the
first event per patient was considered. Hazard ratios
(95% confidence interval) were estimated in models
with increasing levels of stepwise adjustment to eval-
uate the impact of potential confounders.

In the primary analysis, models were adjusted for
age, sex, Black race, dialysis vintage, 13 comorbid
conditions (diabetes, hypertension, coronary artery
disease, heart failure, cerebrovascular disease, periph-
eral vascular disease, other CV disease, gastrointestinal
bleeding, lung disease, neurologic disease, psychiatric
disorder, cancer, and recurrent cellulitis or gangrene),
single pool Kt/V, body mass index, serum albumin,
serum creatinine, and hemoglobin. In sensitivity ana-
lyses, we adjusted for additional variables that may be
potential mediators in the causal pathway, including
MBD markers (phosphorus and calcium) and MBD
treatments (use of Ca-based phosphate binder, non-Ca-
based phosphate binder, active vitamin D, and
calcimimetics).
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Akaike Information Criteria was used to compare the
relative fit of Cox models (lower Akaike Information
Criteria is better), including normalized PTH versus
normalized ALP to help inform which marker better
predicted clinical outcomes. In addition to studying
each exposure individually, we similarly explored a
single 25-category variable combining the 5 categories
from each exposure, to help inform which exposure(s)
is more strongly associated with time-to-event clinical
outcomes.

We used multiple imputation, assuming data were
missing at random, to impute missing covariate
values using the Sequential Regression Multiple
Imputation Method by IVEware.”" Results from 20
such imputed data sets were combined for the final
analysis using Rubin’s formula.”” The proportion of
missing data was below 5% for all covariates, with
the exception of single pool Kt/V (24%), body mass
index (8%), and ADPKD (6%). All analyses were
conducted using SAS software, version 9.4 (SAS
institute, Cary, NC).

Determinants of ALP and PTH

Prior to normalizing values to facility upper normal
limits, median (interquartile range) ALP values (in
Units/l) were 232 (181-306) in Japan, 87 (66—118) in
Europe, 92 (71-129) in US Black patients, and 91 (70—
125) in US patients  (Supplementary
Figure S2A); and median (interquartile range) PTH
values (in pg/ml) were 128 (69-216) in Japan, 227 (119—
403) in Europe, 298 (191-537) in US Black patients, and
236 (147-388) in US nonblack patients (Supplementary
Figure S2B). Most HD facilities in Europe and the US
reported the ALP upper normal limit of 100 to 120
Units/l, compared to 350 Units/l in Japan
(Supplementary Figure S3A). In contrast, the HD fa-
cility upper normal limit for PTH was similar across
regions, at 65 to 75 pg/ml (Supplementary Figure S3B).
The distribution of normalized ALP and normalized
PTH —raw values divided by facility upper normal
limit—indicated a positive between
elevated normalized ALP levels and increased PTH
levels (Supplementary Figure S4).

In Tables 1 and 2, we summarize patient character-
istics by normalized ALP and normalized PTH. Patients
with higher ALP levels were younger, more likely to be
female and of Black race, with longer dialysis vintage,
and a greater burden of comorbidity. They also had
lower levels of phosphorus and higher levels of CRP.
Patients with higher levels of PTH had similar patient
characteristics as those with higher ALP, except that
phosphorus levels were higher in patients with higher

nonblack

association
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Table 1. Patient characteristics, by categories of normalized ALP

Normalized ALP, x upper normal limit

All <0.5 0.5-0.74 0.75-0.99 1.0-1.49 1.5+
Characteristics (N = 31,701) (n = 6258) (n = 11,222) (n = 6758) (n = 5008) (n = 2455)
Demographics
Age, y 64 + 15 64 + 15 65 + 14 65 + 14 64 + 15 61 + 16
Sex (% male) 61% 68% 64% 58% 53% 49%
Race (% Black) 4% 3% 4% 4% 4% 6%
Vintage, y 2.7 [0.9, 6.4] 2.1[0.8, 56.2] 24108, 6.1] 2.7[1.0, 6.6] 33[1.2,7.2] 4.1 1.5, 8.5]
Comorbidities
Diabetes 42% 37% 41% 44% 46% 46%
Hyperfension 86% 87% 87% 86% 86% 85%
Coronary artery disease 38% 34% 38% 39% 41% 42%
Heart failure 25% 23% 24% 26% 27% 28%
Cerebrovascular disease 16% 15% 16% 16% 16% 16%
Peripheral vascular disease 25% 21% 24% 26% 28% 31%
Other CV disease 30% 28% 29% 31% 33% 33%
Gastroinfestinal bleeding 4% 3% 4% 4% 5% 6%
Lung disease 12% 10% 11% 12% 13% 12%
Neurologic disease 10% 9% 10% 11% 11% 13%
Psychiatric disorder 13% 11% 12% 14% 16% 18%
Cancer 14% 14% 14% 14% 13% 13%
Recurrent cellulitis / gangrene 8% 5% 7% 9% 10% 13%
ADPKD 5% 6% 5% 4% 4% 3%
Body mass index, kg/m? 264 +£5.9 2564 + 5.6 2564 +59 263 +5.9 255 +6.3 254 +64
<18 6% 5% 6% 7% 7% 8%
18-24 49% 49% 49% 49% 48% 48%
25-29 26% 27% 26% 25% 24% 24%
30+ 19% 18% 18% 19% 21% 20%
Biochemistry
Albumin, g/dl 3.7 £ 0.5 3805 3.7+05 3.7 £ 0.5 37+05 36+ 05
Hemoglobin, g/dI 1M2+14 1M2+14 1M2+14 1M3+14 113+1.4 112+156
Phosphorus, mg/dl 52+ 1.6 54+ 1.6 52+ 1.6 51+1.6 651+1.6 50+ 1.6
<35 12% 9% 11% 13% 14% 17%
3.5-4.4 23% 20% 22% 24% 24% 24%
45-54 27% 27% 27% 27% 27% 26%
5.5-6.4 19% 21% 20% 18% 18% 16%
6.5+ 19% 22% 19% 18% 17% 16%
Total calcium, mg/dl 89+08 9.0+0.38 89+08 89+08 89+0.38 8.9 +09
<84 21% 18% 20% 20% 22% 26%
8.4-94 57% 58% 57% 58% 57% 51%
9.5+ 22% 24% 22% 22% 21% 22%
CRP,“ mg/l 4.0[1.3,9.0] 3.0[1.0, 7.0] 35[1.1,8.1] 4.01[1.4,9.2] 5.0[2.0, 11.0] 6.0 [3.0, 14.0]
<1 15% 17% 17% 14% 12% 8%
1-2.9 25% 30% 27% 24% 20% 16%
3-9.9 37% 35% 35% 38% 40% 41%
10+ 23% 18% 21% 24% 28% 36%
PTH, pg/ml 213 [108, 390] 162 [81, 288] 197 [100, 338] 226 [120, 411] 278 [146, 517] 379 [173, 841]
Alkaline phosphatase, U/l 104 [73, 175] 59 [50, 91] 82 [71, 169] 110 [97, 139] 147 [129, 180] 246 [200, 393]
Medication
Calcium based phosphate binder 52% 56% 53% 50% 48% 45%
Non-calcium based phosphate binder 50% 50% 49% 49% 50% 51%
Cinacalcet 15% 10% 13% 15% 19% 27%
Vitamin D 61% 59% 61% 61% 61% 62%

ADPKD, autosomal dominant polycystic kidney disease; ALP, alkaline phosphatase; CRP, C-reactive protein; PTH, parathyroid hormone.
2CRP was restricted to facilities routinely measuring CRP; US and Russia were excluded because CRP not commonly measured.
Mean + SD, median [interquartile range], or prevalence (%) shown.

PTH. Most of these trends were also observed after ALP, PTH, and Clinical Outcomes
stratifying by region and race (Supplementary The associations between normalized PTH and
Table S1). normalized ALP and time-to-event clinical outcomes
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Table 2. Patient characteristics, by categories of normalized PTH

Normalized PTH, x upper normal limit

Al <1 1-3.9 4-5.9 6-8.9 9+
Characteristics (N = 31701) (n = 4174) (n = 14,620) (n = 5113) (n = 3723) (n = 4071)
Demographics
Age, y 64 + 15 65 + 14 66 + 14 64 + 15 63 + 15 59 + 16
Sex (% male) 61% 58% 62% 63% 60% 56%
Race (% Black) 4% 2% 3% 5% 4% 7%
Vintage, y 2.7 [0.9, 6.4] 2.8 0.9, 7.3] 24108, 5.9] 2.5[0.9, 5.9] 2911.0, 6.6] 3.81[1.3 7.8]
Comorbidity history
Diabefes 42% 41% 44% 45% 40% 35%
Hyperfension 86% 83% 87% 88% 87% 86%
Coronary artery disease 38% 37% 38% 39% 38% 36%
Heart failure 25% 25% 26% 26% 23% 24%
Cerebrovascular disease 16% 16% 17% 15% 15% 12%
Peripheral vascular disease 25% 23% 26% 26% 24% 23%
Other cardiovascular disease 30% 31% 32% 30% 28% 28%
Gastrointestinal bleeding 4% 4% 5% 4% 4% 3%
Lung disease 12% 9% 12% 12% 13% 11%
Neurologic disease 10% 12% 11% 9% 10% 9%
Psychiatric disorder 13% 12% 13% 13% 13% 16%
Cancer 14% 156% 14% 14% 13% 11%
Recurrent cellulitis / gangrene 8% 8% 8% 8% 8% 8%
ADPKD 5% 4% 5% 6% 5% 5%
Lab/biometric markers
Body mass index, kg/m? 254 +£59 240+ 56 249 + 5.7 26.1 £6.0 26.4 +6.2 266 +6.4
<18 6% 10% 7% 4% 4% 5%
18-24 49% 56% 52% 45% 43% 42%
25-29 26% 20% 25% 28% 28% 28%
30+ 19% 14% 16% 22% 24% 25%
Albumin, g/dI 3.7 +0.5 3.7 +£05 37 +£0.5 38+ 0.5 3805 38 +£0.5
Hemoglobin, g/dI 1M2+14 1M1+156 1M2+14 113+14 113+14 113+15
Phosphorus, mg/dl 52+ 1.6 49+ 16 50+ 1.5 53+ 1.6 55+ 1.7 58+ 1.8
<35 12% 16% 14% 1% 9% 8%
3.5-4.4 23% 24% 25% 22% 19% 16%
4554 27% 26% 28% 27% 27% 24%
5.5-6.4 19% 19% 18% 20% 21% 20%
6.5+ 19% 156% 156% 20% 23% 33%
Total calcium, mg/dL 89+ 0.8 9.1 £09 89 +0.7 89+ 0.8 89+08 9.0 £ 0.9
<84 21% 18% 19% 22% 23% 23%
8.4-9.4 57% 52% 60% 58% 56% 51%
9.5+ 22% 30% 20% 20% 21% 26%
CRP,“ mg/l 4.0[1.3,9.0] 3.3[1.0, 8.6] 35[1.0, 8.4] 42118, 94] 4.5[2.0,9.9] 5.0 [2.5, 10.5]
<1 156% 19% 18% 12% 10% 7%
1-2.9 25% 27% 27% 24% 24% 20%
3-9.9 37% 33% 34% 40% 41% 45%
10+ 23% 22% 22% 24% 25% 27%
PTH, pg/ml 213 [108, 390] 39 [24, 53] 163 [107, 205] 321 [285, 361] 475 [425, 536] 845 [683, 1164]
Alkaline phosphatase, U/I 104 [73, 175] 104 [69, 189] 102 [71, 181] 97 [73, 150] 100 [76, 148] 123 [88, 186]
Medication
Calcium based phosphate binder 52% 61% 52% 49% 49% 48%
Non-calcium based phosphate binder 50% 42% 48% 51% 55% 58%
Cinacalcet 15% 7% 12% 15% 20% 30%
Vitamin D 61% 53% 57% 65% 67% 68%

ADPKD, autosomal dominant polycystic kidney disease; CRP, C-reactive protein; PTH, parathyroid hormone.
2CRP was restricted to facilities routinely measuring CRP; US and Russia were excluded because CRP not commonly measured.
Mean + SD, median [interquartile range], or prevalence (%) shown.

are illustrated in Figure 1. Normalized PTH had a J- with fracture (Figure 1a). Normalized ALP had a strong
shaped association with all-cause, CV and non-CV positive monotonic association with all outcomes, that
mortality, and a weak positive monotonic association is, patients with higher normalized ALP had higher
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a
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Figure 1. Adjusted associations between (a) normalized ALP and (b) normalized PTH and time-to-event clinical outcomes. Cox models stratified
by DOPPS phase and country, adjusted for demographics: age, sex, Black race, dialysis vintage, 13 comorbid conditions, single pool Kt/V, body
mass index, serum albumin, serum creatinine, hemoglobin. Adjusted hazard ratio of PTH <1 for hip fracture was 0.52 (95% confidence interval:
0.33-0.83). ALP, alkaline phosphatase; DOPPS, Dialysis Outcomes and Practice Patterns Study; PTH, parathyroid hormone.

rates of mortality (all cause, CV, and non-CV) and
fracture (any bone and hip) (Figure 1b).

The impact of covariate adjustment on the hazard
ratios is shown in Supplementary Table S2. Adjustment
did not materially alter the J-shaped relationship be-
tween normalized PTH and outcomes, except for frac-
tures, where the risk-relationship after adjustment for
key confounders revealed a more linear association
(Figure 1). Normalized ALP remained strongly and
linearly associated with outcomes throughout adjust-
ments.
adjusted Cox models using normalized ALP (vs.
normalized PTH) as the exposure; this finding was
consistent for all 5 outcomes (Supplementary Table S3).

Akaike Information Criteria was lower for

868

The combined association of normalized ALP and
PTH with outcomes is illustrated in Figure 2. Using the
center group (normalized ALP: 0.75-0.99 and normal-
ized PTH 4.0-5.9) as the reference in the 5 x 5 = 25
group analysis, it is clear that ALP levels drive the
associations with outcomes more than PTH levels.
Sample sizes across the 25 groups ranged from 247 to
2576 (Supplementary Table S4).

ALP, PTH, and ALP-to-PTH Ratio by Region and
Ethnicity

Next, investigated determinants of skeletal
responsiveness to PTH in patients on HD. We used the

we

Kidney International Reports (2024) 9, 863-876
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Figure 2. Adjusted associations between categories of normalized ALP and normalized PTH and time-to-event clinical outcomes. Cox models
stratified by DOPPS phase and country, adjusted for demographics: age, sex, Black race, dialysis vintage, 13 comorbid conditions, single pool
Kt/V, body mass index, serum albumin, serum creatinine, hemoglobin. (a) All cause mortality, (b) cardiovascular mortality, (c) non-cardiovascular
mortality, (d) bone fracture, and (e) hip fracture. Reference group = normalized ALP: 0.75-0.99 and normalized PTH: 3-5.9. Sample sizes for each
cell are provided in Supplementary Table S4. ALP, alkaline phosphatase; DOPPS, Dialysis Outcomes and Practice Patterns Study; PTH,

parathyroid hormone.

normalized ALP-to normalized PTH ratio as a measure
of skeletal responsiveness.

We present the distribution of normalized ALP,
normalized PTH, and normalized ALP-to-PTH ratio in
Figure 3, by region and race. Median normalized ALP
was 0.7 overall and in Europe, Japan, and US Black and
higher in US nonblack (0.8) patients. Median normalized
PTH was 3.2 overall and lower in Japan (2.0) compared
to Europe (3.5), US Black (4.3), and US nonblack (3.3)
patients. The ALP-to-PTH ratio was higher in Japanese
compared to European and US patients, with lower
ALP-to-PTH ratio seen in US Black patients. To adjust
for differences in PTH control between regions, we

Kidney International Reports (2024) 9, 863-876

investigated normalized ALP levels within categories of
normalized PTH. ALP levels were comparable between
regions and by race within categories of PTH (Figure 4).
In subgroup analysis, we observed lower ALP levels for
any given level of PTH with hypercalcemia (calcium
9.5+ mg/dl), hyperphosphatemia (phosphorus 6.5+ mg/
dl) and a diagnosis of ADPKD. Higher ALP for any
given level of PTH was seen with diabetes mellitus,
cinacalcet use, and elevated CRP. There were no dif-
ferences in ALP by PTH categories with use of active
vitamin D (Supplementary Figure S5).

Lastly, we investigated patient factors associated
with normalized ALP after controlling for PTH and
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a Distribution of normalized values of ALP, by region and race
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Figure 3. Distribution of normalized values of (a) ALP, (b) PTH, (c) ALP-to-PTH ratio, by region and race. All values normalized to facility upper

normal limit. ALP, alkaline phosphatase; PTH, parathyroid hormone.

other potential confounders (Table 3). Factors associ-
ated with lower ALP after adjustment were male sex,
ADPKD, obesity, hypercalcemia, hyperphosphatemia,
and phosphate binder use. Higher ALP was associated
with Black race, longer dialysis vintage, diabetes mel-
litus, hypocalcemia, hypophosphatemia, elevated CRP,
and cinacalcet use.
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DISCUSSION

In this large, international cohort study on patients
receiving HD, we demonstrate that total ALP is a more
robust marker of adverse outcomes related to the
syndrome of MBD of CKD than PTH. ALP after con-
trolling for PTH is affected by race, primary renal
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Figure 4. Distribution of normalized ALP, stratified by region and race within categories of normalized PTH. All values normalized to facility
upper normal limit. ALP, alkaline phosphatase; PTH, parathyroid hormone.

disease, comorbidities, and mineral metabolism and
therapy.

Associations of ALP and PTH With Adverse
Outcomes
Investigating the associations of total ALP and PTH
with relevant clinical endpoints, we found a J-shaped
relationship between PTH and mortality, indicating the
highest risk with increasing severity of SHPT. This
' In contrast, the
relationship between total ALP and mortality was
clearly linear. This is consistent with previous
studies—high serum ALP levels associate with
increased risk of all-cause mortality’**® and of CV
events.””*” The combined association of ALP and PTH
with all-cause and CV mortality showed that ALP had a
stronger association with outcomes than PTH.

Interestingly, a more linear relationship between
PTH and fracture risk was seen in this large, interna-
tional cohort than what was previously reported.””*
Published data on ALP and incident fractures, albeit
limited, demonstrate a clear, linear relationship with
%% Our data also showed a monotonic association
of serum ALP with fractures, and the effect was greater
than PTH. These data are consistent with a high bone
turnover state resulting in bone resorption and bone
demineralization, with loss of skeletal integrity
contributing to an increased risk of fractures.’’

A high skeletal remodeling rate may contribute
indirectly to CV disease and mortality, by providing a

aligns well with previous reports.

risk,

Kidney International Reports (2024) 9, 863-876

source of calcium and phosphate loading to the
vasculature.’ Observational studies demonstrate a link
between bone disease and vascular calcification in CKD.
Low bone mass is associated with increase in coronary
calcifications in patients on HD.’’ Severity of arterial
calcification showed positive associations with PTH in
patients with CKD stage 4 to 5D.”" In addition, higher
serum bone-specific ALP level associated with the
presence of vascular calcification of hand arteries in
male patients on HD.”” Patients with low bone volume
also show greater progression of vascular calcification
over time.”’

Taken together, these findings demonstrate that ALP
is more strongly associated with all-cause or CV mor-
tality and any or hip fracture, than PTH. Our findings
indicate that it may be more useful to consider target
organ response to SHPT rather than PTH levels alone.
Therefore, ALP may prove superior to PTH as a ther-
apeutic target of MBD of CKD, but this hypothesis re-
quires a prospective clinical trial.

Skeletal PTH Responsiveness in CKD

Skeletal responsiveness to PTH is impaired in CKD,”” as
shown by reduced calcemic response to PTH infusion”’
and impaired ability to recover from a hypocalcemia
challenge.”® This has been used as an argument to
target higher than normal PTH levels in patients with
CKD.*”*? Variations in skeletal responsiveness to PTH
could potentially explain the differences in optimal
PTH targets demonstrated in Japanese41 compared to
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Table 3. Patient characteristics associated with ALP, with and without adjustment for PTH

Without PTH adjustment

With PTH adjustment

Characteristics Ratio of means

Demographics

Patient age, per 10 y 0.99
Male 0.90
Black race 1.1
Vintage, per 1y 1.01
Diabetes comorbidity 1.04
ADPKD 0.93
Body mass index, kg/m?
<18 1.05
18-24 1
25-29 0.96
30+ 0.95
Laboratory values
Albumin, per 0.2 g/dl 0.99
Phosphorus, mg/dl
<3.5 1.06
3.5-4.4 1
4554 0.97
55-6.4 0.95
6.5+ 0.93
Calcium, mg/dl
<84 1.05
8.4-9.4 1
9.5+ 0.98
CRP, mg/I°
<1 1
1-2.9 1.03
3-9.9 1.10
10+ 1.17
Medication
Calcium based phosphate binder 0.92
Non-calcium phosphate binder 0.98
Cinacalcet 1.17
Vitamin D 1.02

Cl95 Ratio of means Cl95
(0.99, 0.99) 1.00 (1.00, 1.01)
(0.89, 0.91) 0.90 (0.89, 0.91)
(1.07, 1.16) 1.06 (1.02, 1.09)
(1.01, 1.01) 1.01 (1.01, 1.01)
(1.03, 1.06) 1.06 (1.05, 1.07)
(0.90, 0.95) 0.92 (0.90, 0.94)
(1.02, 1.07) 1.06 (1.03, 1.08)

(ref) 1 (ref)
(0.95, 0.98) 0.96 (0.95, 0.97)
(0.94, 0.97) 0.94 (0.93, 0.96)
(0.98, 0.99) 0.99 (0.98, 0.99)
(1.04, 1.08) 1.08 (1.06, 1.09)

(ref) 1 (ref)
(0.96, 0.99) 0.96 (0.95, 0.97)
(0.93, 0.96) 0.92 (0.91, 0.93)
(0.92, 0.95) 0.88 (0.87, 0.89)
(1.03, 1.06) 1.03 (1.02, 1.05)

(ref) 1 (ref)
(0.97, 1.00) 0.98 (0.97, 0.99)

(ref) 1 (ref)
(1.01, 1.06) 1.03 (1.00, 1.05)
(1.07, 1.13) 1.09 (1.06, 1.12)
(1.14, 1.20) 1.16 (1.13, 1.19)
(0.91, 0.93) 0.92 (0.91, 0.93)
(0.97, 0.99) 0.98 (0.97, 0.98)
(1.15, 1.19) 1.17 (1.15, 1.19)
(1.01, 1.03) 1.02 (1.01, 1.03)

ADPKD, autosomal dominant polycystic kidney disease; ALP, alkaline phosphatase; CI95, 95% confidence interval; CRP, C-reactive protein; PTH, parathyroid hormone.

?CRP model was restricted to facilities that measure CRP often in countries other than US and Russia, and additionally adjusted for other laboratories.

We used multivariable linear mixed models with a random facility intercept to account for clustering; and adjusted for potential confounders. For case-mix exposures, models were
adjusted for DOPPS phase, country, patient demographics, and comorbidity history. For laboratory exposures, we additionally adjusted for other laboratory values except for CRP.
The outcome variable (normalized ALP) was log-transformed due to the skewed distribution and to lessen the impact of extreme outliers on results. For presentation, coefficients were
exponentiated and can thus be interpreted as a ratio of means (e.g., 1.07 = 7% higher normalized ALP).

European or American patients.42 In the present study,
we investigated variations in PTH responsiveness by
region and race, using the ALP-to-PTH ratio as a
measure of skeletal response. In our unadjusted ana-
lyses, Japanese patients had a higher ALP-to-PTH ratio,
whereas US Black patients had the lowest values.
However, when we adjusted for PTH control, by
examining ALP levels within categories of PTH, the
effects of region and race were greatly attenuated.
Thus, we could not confirm differences in skeletal
responsiveness to PTH based on region or race in this
study.

Determinants of ALP
To identify determinants of skeletal PTH responsive-
ness, we investigated ALP levels within categories of
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PTH for prespecified patient subsets. An underlying
diagnosis of ADPKD was associated with lower levels
of ALP for any given level of PTH. This is consistent
with previous findings of lower bone turnover
markers and skeletal remodeling parameters in pa-
tients with ADPKD."’ In the present study, cinacalcet
use was associated with higher levels of ALP for any
given level of PTH, and cinacalcet remained a deter-
minant of ALP after multivariate adjustment including
PTH. Calcimimetics therapy may affect skeletal
remodeling by modulation of the activity of the
calcium-sensing receptor in bone.””"” Hyper-
phosphatemia and hypercalcemia were both associated
with lower ALP levels within categories of PTH. These
findings could represent a lowering of skeletal
responsiveness to PTH as an adaptive response aimed

Kidney International Reports (2024) 9, 863-876
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at reducing skeletal efflux of calcium and phosphate in
situations of excess.

Strengths and Limitations

The comparison of absolute ALP level among regions
and races as well as the determination of target levels
are difficult due to multiple assays available and in use.
In this study, we normalized serum levels of ALP and
PTH to the upper normal limit in each HD facility and
examined the association of PTH and ALP with out-
comes using international data. The DOPPS study
design allowed us to find distribution of bone
responsiveness to PTH and the association with out-
comes in an international cohort of real-world patients,
like what physicians may encounter when rounding in
the dialysis unit. However, we must acknowledge some
important limitations. As with any observational
study, the reported associations do not prove causality
and may be affected by unmeasured confounders. ALP
is derived not only from bone but liver dysfunction
and inflammation. In patients on HD, it is known that
elevated ALP includes small amount of liver frag-
ment,”* but we excluded patients with hepatic
cirrhosis, elevated hepatic markers, and high CRP level
to discuss total ALP and bone metabolism in patients
on HD. To discern differences in distribution and the
impact on outcomes across countries over a prolonged
period, we normalized serum levels of ALP and PTH to
the upper normal limit. However, it is important to
acknowledge that interassay variability may have
played a role in misclassifying specific patients.
Further, ALP and PTH (and covariates) were assessed at
baseline only and thus, no time-updated analysis could
be performed. Further studies will be needed to find
the change of ALP and PTH with the intervention and
benefits for the outcomes.

Conclusions

Total ALP was a more robust exposure of all-cause or
CV mortality and any or hip fracture than PTH levels in
this large, international cohort of patients on HD.
Variations in the ALP-to-PTH ratio were mainly
explained by the severity of SHPT, and we could not
confirm any differences in skeletal responsiveness to
PTH based on region or race. PTH responsiveness is
affected by race, primary renal disease, comorbidities,
and mineral metabolism and therapy. It may prove
useful to consider target organ response, rather than
PTH levels alone, when considering the consequences
of SHPT.
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