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Abstract 
Context: Impairments in musculoskeletal and mental health are common in adults with Hypophosphatasia (HPP). Restricted phosphorus intake 
has been suggested to positively affect symptoms in HPP, but there is a lack of interventional evidence.
Objective: This work aimed to evaluate the effect of a phosphorus-restricted, calcium-adjusted diet on musculoskeletal and mental health in 
HPP.
Methods: A prospective, noncontrolled, single-center interventional study (NuSTEPS II) was conducted among outpatients at the Osteology 
Department, University of Wuerzburg, Germany. A total of 26 adults with an established HPP diagnosis received a standardized diet with a 
defined daily intake of phosphorus (1160-1240 mg/d) and calcium (870-930 mg/d) over 8 weeks. Main outcome measures were functional 
testing and patient-reported outcome measures.
Results: At 8 weeks, significant improvements were observed in usual gait speed (P = .028) and the chair-rise test (P = .019), while no significant 
changes were seen in the 6-minute walk test (P = .468) and the timed up-and-go test (P = .230). Pain was not significantly reduced according 
to the visual analog scale (VAS) (P = .061), pain subscale of the 36-Item Short-Form Health Survey (SF-36) (P = .346), and Pain Disability Index 
(P = .686). Further, there was a significant improvement in the SF-36 vitality subscale (P = .022) while all other subscales as well as the Lower 
Extremity Functional Scale (P = .670) and the Fatigue Assessment Scale (P = .392) did not change significantly. Adjustments of mineral intake 
were not associated with relevant alterations regarding the intake of energy and energy-supplying nutrients or body composition.
Conclusion: Adjusting phosphorus and calcium intake may positively affect individual symptoms in adults with HPP, but overall clinical 
effectiveness regarding major issues like pain and endurance appears limited.
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The rare, inherited metabolic disorder Hypophosphatasia 
(HPP) is caused by loss-of-function variants in the 
ALPL gene, leading to impaired activity of the tissue- 
nonspecific alkaline phosphatase (TNAP) and subsequent ac
cumulation of its natural phosphate metabolites, including 
pyridoxal-5-phosphate (PLP), inorganic pyrophosphate (PPi) 
as well as phosphoethanolamine (PEA) [1-3].The disease af
fects patients at all ages and is associated with a broad spec
trum of clinical manifestations and a wide range of severity 
[4, 5]. Many common symptoms in adult patients involve 
the musculoskeletal system, including pain, muscle weakness, 
and in certain instances soft tissue calcifications and pseudo
fractures [6-8]. Many adult patients suffer from persistent fa
tigue and are limited in their physical functioning, including 
both gross and fine motor activities [9]. Further to that, dental 
issues, neurological, and psychological symptoms such as 

headaches, sleep disturbances, depression as well as anxiety 
are prevalent [7, 10, 11]. In summary, these manifestations 
cause a high burden of disease in adult patients, independent 
of the age of onset, with impairments of both, musculoskeletal 
and mental health [8, 12].

The results of a recent cross-sectional study indicate that 
part of these clinical symptoms might be affected by dietary 
phosphorus, calcium, and the calcium-phosphorus ratio 
[13]. Phosphorus and calcium are important minerals of the 
human body and their dietary intake is linked to a variety of 
health-related implications, including but not limited to 
bone and muscle [14-16]. While calcium is most abundant 
in milk, dairy products, green leafy vegetables, nuts, seeds, 
certain waters, and fortified products, phosphorus is present 
in nearly all foods, especially those rich in protein, partly 
owing to the usage of inorganic phosphate as a food additive 
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[15, 17]. For the general adult population aged 19 years and 
older, a daily intake of 700 mg phosphorus is set as the recom
mended daily allowance (RDA) both in the United States and 
Germany, but actual intakes are considerably higher in many 
regions of the world [18-21]. Considering compromised phos
phate metabolism in HPP, dietary phosphate restriction has 
been proposed for HPP [22] and appears to be a common rec
ommendation among patient groups and caregivers.

Our own previous work showed that both very high and 
particularly low absolute intakes of phosphorus and calcium, 
as well as a dietary imbalance of these two minerals, are asso
ciated with an increased frequency of fatigue and musculo
skeletal and neuropsychiatric symptoms [13]. Vice versa, a 
moderate phosphorus intake together with adequate dietary 
calcium and a calcium-phosphorus ratio slightly less than 1 
seemed promising to positively affect musculoskeletal and 
mental health. Adjusting dietary phosphorus and calcium by 
specific selection of foods could thus be a practical approach 
to limit HPP-related symptoms. However, interventional sci
entific evidence confirming improvement or therapeutic 
benefit of dietary adjustments to support such recommenda
tions is missing. Therefore, this study NuSTEPS II aimed to 
investigate the musculoskeletal and mental health in adult 
HPP patients following an 8-week restricted phosphorus, 
calcium-adjusted diet.

Materials and Methods
Study Design
NuSTEPS II was a single-center, noncontrolled interventional 
study conducted at the Orthopedic Institute, Koenig- 
Ludwig-Haus, University Wuerzburg, Germany, in cooper
ation with the Institute of Food Science and Human 
Nutrition, Leibniz University, Hanover, Germany. The study 
consisted of an 8-week intervention period during which par
ticipants followed a restricted phosphorus, calcium-adjusted 
diet with 2 examinations at the beginning and at the end of 
the study. The objectives of this exploratory study are 
2-fold, covering clinical and biochemical outcomes. The ana
lyses presented here focus on clinical and patient-reported pa
rameters. All participants provided written informed consent 
before any study-related procedures. The study was approved 
by the ethics committee of the Medical Faculty of the 
University of Wuerzburg (N. 6/18) and prospectively regis
tered with the World Health Organization–compliant 
German Clinical Trials Register (DRKS00015225).

Study Population
Inclusion criteria were a minimum age of 18 years and an estab
lished diagnosis of HPP, defined as reduced serum alkaline phos
phatase (ALP) activity below age-/sex-specific reference range 
and genetically confirmed ALPL variant and/or elevated PLP 
(urine or serum), above the upper limit of normal, and/or symp
toms of the disease. Individuals were not eligible if they had any 
accompanying illness or medical treatment that could interfere 
with mineral absorption or excretion, particularly gastrointes
tinal and renal disorders. Intake of any nutritional supplements 
had to be discontinued 4 weeks before the first examination ex
cept for vitamin D and magnesium. Participants were recruited 
via the Orthopedic Institute, University of Wuerzburg, and pub
lic notice placed by the German patient organization 
Hypophosphatasie Deutschland e.V.

Dietary Intervention and Assessments
Based on the results of the previously conducted cross- 
sectional study [13], intakes of 1160 to 1240 mg phosphorus 
and 870 to 930 mg calcium per day, corresponding to a 
calcium-phosphorus ratio of 0.7 to 0.8, were defined as 
the target intake for the restricted phosphorus, 
calcium-adjusted study diet. These provided lower and 
upper limits had to be followed daily whenever possible. 
Prior to nutritional intervention, habitual nutrient intake 
was assessed using 3-day dietary records, including all con
sumed foods and drinks with weighed or standard household 
sizes, fat content, brand name, and manufacturer to check in
gredients or nutrients contained, including mineral content of 
bottled and tap water. For home-cooked food, recipes were 
collected.

To facilitate dietary adjustment in daily life, target intake 
values as well as the phosphorus and calcium content of com
mon foods and drinks were converted into points as follows: 
20 mg phosphorus = 1 phosphorus point and 15 mg calcium =  
1 calcium point, so that the daily target levels were 58 to 62 
phosphorus and calcium points each. Participants received 
food tables indicating calcium and phosphorus points per por
tion and recipes for main meals developed by a nutritionist to 
help maintain a balanced calcium-phosphorus ratio as part of 
nutritional counseling. Due to the varying calcium and phos
phorus content of water from different sources, the specific 
mineral content of ingested water was researched individually 
and converted into points. The points of consumed foods and 
drinks were documented on a daily basis, so patients were con
tinuously overviewing their intakes themselves. Additionally, 
participants indicated consumed foods and drinks with quan
tities in the food tables as a tally sheet to allow exact calculation 
of the nutrient intakes. At baseline, participants received nutri
tional counseling explaining the dietary specifications and pro
viding general information about calcium and phosphorus in 
the diet, including the presence of phosphate-containing food 
additives that should be avoided during the intervention when
ever possible. For any questions and ambiguities arising during 
the assessment period, patients could directly call a nutritionist 
for clarification.

Physical Examination
Physical examination was accomplished as per the sites estab
lished clinical routine at the beginning and at the end of the 
8-week nutritional intervention. Body composition was exam
ined using a bioelectrical impedance analyzer (BIA 101 
Anniversary, Akern s.r.l.) according to established standards. 
Physical function was assessed using the Short Physical 
Performance Battery (SPPB) [23], 6-minute walk test 
(6MWT) [24], timed up-and-go (TUG) test [25], and measure
ment of the grip strength [26] with a handheld dynamometer 
(DynEx, Akern s.r.l.).

Patient-reported Outcome Measures
Self-perceived musculoskeletal and mental health were re
trieved using patient-reported outcome measures (PROMs) 
at both visits, including the 36-Item Short-Form Health 
Survey (SF-36) version 1.3 [27-29], the Pain Disability Index 
(PDI) [30, 31], and the Lower Extremity Functional Scale 
(LEFS) [32-34]. Pain intensity over the past 7 days was as
sessed using a 10-cm visual analog scale (VAS) ranging from 
0 (no pain) to 10 (intolerable pain). Further, the 10-item 
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Fatigue Assessment Scale (FAS) allowing for distinction of 
physical and mental fatigue was included [35, 36]. For the 
FAS sum score, 10 to 21 points indicate no fatigue while 22 
to 50 points are considered suggestive for fatigue, with a 
change of 4 points being considered the minimal clinically im
portant difference (MCID) [37, 38].

Data Analysis and Statistical Methods
Dietary documentations were analyzed using PRODI 6.11 ex
pert with database extension (Nutri Science GmbH), whereby 
data were checked for completeness, readability, and plausi
bility by a nutritionist and ambiguous documentation was 
clarified in personal communication. Constituents of con
sumed foods that were not included in the software were re
searched and added to the database manually. Data sets 
from participants not complying with the protocol require
ments during the conduct of the study were excluded from 
the per-protocol analysis and only analyses with paired data 
from both visits were evaluated. The evaluation of adherence 
to the dietary specifications as well as statistical analyses were 
based on nutrient intakes from food table data. In that regard, 
the simplified point system to facilitate dietary adjustment in 
daily life is associated with inaccuracies, that is, the intakes 
of phosphorus, calcium, and the calcium-phosphorus ratio 
calculated from food table data differed on average by ±  
7.0% from the intakes derived from the documented points. 
To correct for this inaccuracy, adherence to the dietary speci
fications was evaluated using ± 7.0% extended target ranges 
for phosphorus, calcium, and the calcium-phosphorus ratio. 
Subgroup analyses were performed considering groups with 
increases vs decreases for phosphorus intake, calcium intake, 
and the calcium-phosphorus ratio, to reveal potential implica
tions of the dynamics of adjustment. IBM SPSS software 

(version 28, IBM) and R software (version 4.2.3, R Core 
Team) with the package ggplot2 [39] (version 3.4.1) were 
used for statistical analyses and illustrations, respectively. 
Owing to the small sample size and in line with the prespeci
fied analysis plan, the nonparametric paired-samples 
Wilcoxon signed rank test (2-tailed) was selected to analyze 
changes after intervention. The Wilcoxon-Mann-Whitney 
test or Fisher exact test (nominal data) was used to test for dif
ferences between subgroups regarding baseline characteris
tics. The chi-square test of independence and Fisher exact 
test if any expected cell frequency was less than 5 were used 
to evaluate associations between the adjustment of the corre
sponding mineral and the test outcome (improvement vs wor
sening/no change). For all analyses, values of P less than .05 
were considered statistically significant. No adjustment for 
multiple testing was performed. The data are reported with 
medians (ranges) and counts (percentages) for categorical 
variables.

Results
Study Population
Out of 35 individuals (28 female) enrolled, 4 participants dis
continued prematurely for personal reasons, 3 were unable to 
attend the follow-up visit due to COVID-19, and data of 2 pa
tients could not be included in the analysis for reasons of non
adherence, leaving 26 participants (21 female) with complete 
data that could be included in the final per-protocol analysis. 
Baseline characteristics are depicted in Table 1.

Nutrient Intake and Body Composition
Participants followed the restricted phosphorus, calcium- 
adjusted diet for a median (range) of 55 (51-59) days. 

Table 1. Baseline characteristics

All patients Female patients Male patients
(n = 26) (n = 21) (n = 5)

Age, y

Median (range) 56.0 (18.0-68.0) 55.0 (18.0-68.0) 56.0 (54.0-64.0)

Height, cm

Median (range) 168 (152-195) 166 (152-182) 176 (173-195)

Weight, kg

Median (range) 70.9 (47.6-113) 70.2 (47.6-108) 77.9 (67.0-113)

BMI

Median (range) 23.8 (18.8-37.8) 23.8 (18.8-37.8) 23.9 (22.4-36.3)

Age at diagnosis, y

Median (range) 51.5 (15.0-66.0) 50.0 (15.0-66.0) 52.0 (51.0-61.0)

Alkaline phosphatase, U/L

Median (range) 23.5 (11.0-52.0) 23.0 (11.0-52.0) 24.0 (16.0-38.0)

Self-reported form of nutrition

Mixed diet n (%) 20 (77) 16 (76) 4 (80)

Mixed diet with few meat n (%) 5 (19) 4 (19) 1 (20)

Ovo-lacto-vegetarian diet n (%) 1 (4) 1 (5) 0 (0)

Ovo-lacto-vegetarian diet with fish n (%) 0 (0) 0 (0) 0 (0)

Vegan n (%) 0 (0) 0 (0) 0 (0)

Smokers n (%) 2 (8) 1 (5) 1 (20)

Abbreviation: BMI, body mass index
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Overall, the adherence to the dietary specifications was very 
high. The target range for phosphorus extended by ± 7.0% 
was achieved on 73.3% (1040 out of 1419) of patient days. 
Further to that, calcium intakes and calcium-phosphorus ra
tios were within the ± 7.0% expanded target ranges on 
72.7% (1032/1419) and 80.1% (1137/1419) of patient 
days, respectively. Participants attained all 3 ± 7.0% extended 
target ranges simultaneously on 60.8% (863/1419) of all 
days. Very low (<1000 mg/d) and high (>1400 mg/d) phos
phorus intakes were rare and occurred at only 160 and 49 
of 1419 patient days, respectively. Similarly, calcium intakes 
were less than 750 mg/d on 194 of 1419 days and greater 
than 1050 mg/d on 45 days.

Details on nutrient intakes before and throughout the inter
vention are provided in Table 2. In general, there were no 
significant changes in calcium and phosphorus intakes as 
well as the calcium-phosphorus ratio. However, individual in
takes altered substantially, with part of the participants increas
ing and others decreasing their respective consumption. 
Specifically, the range of those participants with particularly 
high or low intakes of calcium or phosphorus at baseline nar
rowed markedly. Overall, there were similar proportions of indi
viduals who decreased or increased their dietary intake of 
phosphorus, calcium, and the calcium-phosphorus ratio, re
spectively. In those participants who augmented their phos
phorus intake during the intervention (n = 14), baseline 
median (range) intake was 914 (650-1121) mg/d. During inter
vention, their median (range) phosphorus intake increased to 
1150 (1000-1212) mg/d, corresponding to individual increases 
by 5.49% to 64.7% (median: 25.8%). Conversely, participants 
with high phosphorus consumption at baseline (n = 12) reduced 
their intake from a median (range) of 1469 (1195-2042) mg/d by 
−40.6% to −0.25% (median: −21.8%) to 1180 (1124-1387) 
mg/d. Similarly, there were 12 vs 14 participants who increased 
vs decreased dietary calcium. Baseline median (range) calcium 
intakes in these 2 groups were 543 (335-754) mg/d and 1162 
(843-1675) mg/d, respectively. Individual changes ranged 
from −47.3% to −4.03% (median: −24.7%) in the reduction 
group and from 10.6% to 156% (median: 55.1%) in partici
pants who had to increase their calcium intakes. Most patients 
adjusted their absolute phosphorus and calcium intakes in the 

same direction, that is, they decreased or increased both min
erals concordantly. Only 3 participants with increasing and 1 
patient with decreasing phosphorus intake adapted their diet
ary calcium in an opposite direction. However, the extent of 
change in each mineral varied and overall, the calcium- 
phosphorus ratio increased in 14 and decreased in 12 partici
pants. Baseline median (range) calcium-phosphorus ratios in 
these patients were 0.53 (0.43-0.73) and 0.89 (0.75-1.90), re
spectively. Only 3 of the latter participants showed a baseline 
calcium-phosphorus ratio of 1 or greater. Individual changes 
in participants with increasing and decreasing calcium- 
phosphorus ratio varied from 4.35% to 80.8% (median: 
35.0%) and from −59.9% to −1.86% (median: −15.5%), re
spectively. Alterations in the calcium-phosphorus ratio re
sulted predominantly from adjustments in calcium intake. 
The percentage changes of nutrient intakes per patient are de
picted in Fig. 1.

Daily energy intake as well as the absolute and relative 
amounts of fat and carbohydrates remained unchanged at 8 
weeks compared to baseline. The median (range) proportional 
protein intake decreased significantly from 14.7 (9.75-19.9) 
energy percentage (EN%) before the intervention to 13.4 
(10.3-15.6) EN% at follow-up (P = .031), while the absolute 
amount of protein intake was not significantly different. 
Overall, there was actually a slight increase of absolute pro
tein intake by 7.44%. The median (range) absolute intake of 
fiber increased significantly from 17.2 (8.77-57.6) g to 24.8 
(10.6-53.4) g per day (P = .030), corresponding to a median 
percentage change of 23.5%. Intraindividual alterations of 
macronutrient intake are shown in Fig. 1.

In the overall cohort, there was a statistically significant de
crease in bodyweight (P = .036) from a baseline median 
(range) of 70.9 (47.6-113) kg to 69.7 (47.9-110) kg. 
Correspondingly, the median body mass index (BMI) de
creased significantly (P = .038) from 23.8 (18.8-37.8) kg/m2; 
to 23.1 (18.9-36.9) kg/m2;. However, the median individual 
changes were less than 1% and thus the absolute individual re
ductions were only minor. Moreover, constitutional assess
ment by bioelectrical impedance analysis (BIA) did not 
reveal any clinically meaningful changes along the 8 weeks 
of dietary intervention (data not shown).

Table 2. Nutrient intake per day at baseline and during intervention

At baseline During intervention Pa

(n = 26) (n = 26)
Median (range) Median (range)

Phosphorus, mg 1065 (650-2042) 1157 (1000-1387) .960

Calcium, mg 875 (335-1675) 871 (741-972) .803

Calcium-phosphorus ratio 0.71 (0.43-1.90) 0.75 (0.64-0.79) .635

Energy, kcal 1930 (1150-3122) 2018 (1664-2410) .499

Fat, g 73.9 (34.9-117) 83.0 (62.3-113) .150

Fat, EN% 37.3 (22.3-45.5) 37.6 (31.5-45.4) .136

Carbohydrates, g 212 (107-376) 232 (145-293) .483

Carbohydrates, EN% 45.0 (26.2-62.0) 45.6 (32.0-52.1) .367

Protein, g 61.2 (43.4-121) 63.7 (55.9-82.8) .779

Protein, EN% 14.7 (9.75-19.9) 13.4 (10.3-15.6) .031

Fiber, g 17.2 (8.77-57.6) 24.8 (10.6-53.4) .030

Abbreviation: EN%, energy percentage. 
aWilcoxon signed rank test.
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Assessment of Physical Function
The outcomes of functional testing are depicted in Table 3.

Short physical performance battery
The assessment of usual gait speed and the CRT as part of the 
SPPB were completed at both visits by 24 and 25 participants, 
respectively. Median (range) gait speed increased significantly 
from 1.37 (0.82-2.11) m/s at baseline to 1.51 (0.74-2.14) m/s 
at 8 weeks (P = .028) (Fig. 2A). The time required to complete 
the CRT improved significantly (P = .019) from a median 
(range) value of 12.5 (6.27-31.8) s at baseline to 10.2 
(5.71-27.3) s at follow-up (Fig. 2B). With regard to individual 
values, an improvement was observed in 66.7% (16/24) and 
68.0% (17/25) of patients in usual gait speed and CRT, re
spectively. Balance test results were not significantly different 
across the intervention.

Handgrip strength
All participants completed grip strength assessment at both 
examinations with results showing slight increases at both 
hands. On the right side, this increase from 23.3 (5.47-49.5) 

kg at baseline to 25.5 (7.37-48.2) kg at 8 weeks was statistic
ally significant (P = .006) while the increase in the left hand 
from 21.1 (9.63-49.0) kg at baseline to 22.5 (5.27-47.7) kg 
at follow-up was not (P = .419).

Six-minute walk test and timed up-and-go test
The 6MWT and the TUG test were completed at both visits by 
24 and 25 participants, respectively, none of whom used assist
ive devices. Median (range) walking distance covered in the 
6MWT was 481 (300-698) m at start and 484 (261-696) m 
at the end of the intervention and thus not significantly different 
(P = .468) (Fig. 2C). In line with that, the proportion of partic
ipants with an improvement vs decline was almost balanced 
(13 vs 10/24) and individual results remained largely consistent 
with intraindividual differences exceeding ±10% in only 4 in
dividuals. Likewise, the time required to accomplish the TUG 
test did not change significantly with 8.93 (5.86-17.0) s at base
line and 8.65 (5.82-15.3) s at follow-up (P = .230).

Patient-reported Outcome Measures
The outcomes of PROMs are shown in Table 3.
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Figure 1. Heat map illustrating the percentage change of nutrient intakes per patient. Color intensity indicates the individual percentage change of 
specific nutritional constituents with green vs blue colors representing increased vs decreased intakes, respectively; Abbreviation: EN%, energy percent/ 
percentage proportion of total energy intake.
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Pain
Median (range) pain intensity over the past 7 days on the VAS 
was indicated at 5.50 (0.80-8.50) at baseline and reduced to 
4.60 (0.30-8.40) after 8 weeks of nutritional intervention 
(Fig. 3A). Still, this decrease was not statistically significant 
(P = .061). When considering only women to account for po
tential bias due to sex differences, there was a significant 

improvement in pain intensity (P = .047) from 5.85 
(2.10-8.50) to 4.70 (0.30-8.40), corresponding to a median 
percentage change of −16.9% (Fig. 3A). The pain-subscale 
within the SF-36 reflecting pain intensity and the extent of 
pain-related limitations in daily life over the past 4 weeks 
did not change significantly with median (range) scores of 
41.0 (12.0-72.0) at baseline and also 41.0 (0.00-100) at 

Table 3. Outcomes of functional testing and patient-reported outcome measures at baseline and at 8 weeks

n At baseline At 8 wk Pa

Median (range) Median (range)

Functional testing Usual gait speed, m/s 24 1.37 (0.82-2.11) 1.51 (0.74-2.14) .028
Time to complete CRT, s 25 12.5 (6.27-31.8) 10.2 (5.71-27.3) .019
Handgrip strength, kg

Right hand 26 23.3 (5.47-49.5) 25.5 (7.37-48.2) .006
Left hand 26 21.1 (9.63-49.0) 22.5 (5.27-47.7) .419

Walking distance in 6MWT, m 24 481 (300-698) 484 (261-696) .468
Time to complete TUG test, s 25 8.93 (5.86-17.0) 8.65 (5.82-15.3) .230

PROMs VAS score for pain intensity 25 5.50 (0.80-8.50) 4.60 (0.30-8.40) .061
PDI score 26 24.5 (1.00-47.0) 23.6 (0.00-49.5) .686
SF-36 scores

PCS 24 36.6 (15.3-51.1) 32.6 (20.7-59.1) .663
MCS 24 50.9 (30.9-68.7) 50.4 (23.9-64.9) ≥.999
Physical functioning 25 70.0 (15.0-100) 55.0 (20.0-100) .133
Physical role function 25 50.0 (0.00-100) 50.0 (0.00-100) .571
Pain 25 41.0 (12.0-72.0) 41.0 (0.00-100) .346
General health perception 24 44.4 (15.0-72.0) 47.0 (10.0-87.0) .437
Vitality 24 30.0 (0.00-80.0) 42.5 (0.00-80.0) .022
Social functioning 25 87.5 (37.5-100) 75.0 (12.5-100) .216
Emotional role function 25 66.7 (0.00-100) 100 (0.00-100) .994
Mental well-being 24 72.0 (40.0-92.0) 66.0 (36.0-88.0) .311

FAS scores
Total 26 32.0 (11.0-44.0) 27.0 (11.0-43.0) .392
Physical 26 18.0 (6.00-24.0) 15.0 (6.00-24.0) .524
Mental 26 14.0 (5.00-22.0) 11.5 (5.00-19.0) .267

LEFS score 26 50.5 (23.5-80.0) 50.5 (10.0-80.0) .670

Abbreviations: 6MWT, 6-minute walk test; CRT, chair-rise test; FAS, Fatigue Assessment Scale; LEFS, Lower Extremity Functional Scale; MCS, mental 
component summary; PCS, physical component summary; PDI, Pain Disability Index; PROMs, patient-reported outcome measures; SF-36, 36-Item 
Short-Form Health Survey; TUG, timed up-and-go; VAS, visual analog scale. 
aWilcoxon signed rank test.
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follow-up (P = .346). Similarly, the PDI did not change signifi
cantly (P = .686) due to the intervention with median (range) 
scores of 24.5 (1.00-47.0) at baseline and 23.6 (0.00-49.5) at 
the end of the study.

Fatigue and vitality
Mental and physical exhaustion were evaluated by the vitality 
subscale of the SF-36 and the FAS. At baseline, the median 
(range) score of the SF-36 vitality subscale was 30.0 
(0.00-80.0) with only 25.0% (6/24) of participants achieving 
values greater than or equal to 50. After the intervention, this 
score improved significantly (P = .022) to 42.5 (0.00-80.0), 
corresponding to a median percentage change of 9.72% 
(Fig. 3B). Moreover, 11 out of 24 participants (45.8%) at
tained scores greater than or equal to 50 while the proportion 
of patients with values less than 25 decreased from 37.5% 
(9/24) to 20.8% (5/24). The baseline median (range) FAS 
total score was 32.0 (11.0-44.0) with physical and mental 
aspects of fatigue contributing 18.0 (6.00-24.0) and 14.0 
(5.00-22.0) points and thus almost equally to that sum. At 
the end of the intervention, physical and mental fatigue de
creased similarly to 15.0 (6.00-24.0) and 11.5 (5.00-19.0), re
spectively, yielding a slightly but not significantly diminished 
sum score of 27.0 (11.0-43.0) (P = .392). An improvement ex
ceeding the MCID defined as a change greater than or equal to 
4 points was observed in 7 out of the 14 patients who had de
clining FAS total score.

Physical and mental component summary scores of the 
36-Item Short-Form Health Survey
At baseline, the median (range) physical component summary 
(PCS) score of the SF-36 was 36.6 (15.3-51.1) and thus well 
below the standard sample average of 50 (SD 10) while the 
baseline mental component summary (MCS) score was higher 
with a baseline median (range) of 50.9 (30.9-68.7). Both PCS 
(P = .663) and MCS (P = 1.000) scores did not change 

significantly during the nutritional intervention with median 
(range) values of 32.6 (20.7-59.1) and 50.4 (23.9-64.9) at 
follow-up, respectively. Except for vitality, no significant 
changes were observed in any of the other subscales of the 
SF-36.

Lower Extremity Functional Scale
The LEFS was completed by all participants at both visits but 
did not change significantly with median (range) scores of 
50.5 (23.5-80.0) at baseline and 50.5 (10.0-80.0) at 8 weeks 
(P = .670).

Subgroup Analyses
Subgroup analyses to investigate whether a decrease or in
crease of dietary intake of phosphorus or calcium or the 
calcium-phosphorus ratio had a specific effect on certain out
comes did not yield consistent meaningful results. For com
pleteness, results of these additional calculations are being 
reported in the supplementary materials [40].

Intervention-related Side Effects
There were no adverse events or untoward concomitant 
findings that could be causatively related to the nutritional 
intervention. No patient canceled participation due to 
nutrition-related adverse events or discomfort.

Discussion
To the best of our knowledge, this is the first study to investi
gate the effect of a restricted phosphorus, calcium-adjusted 
diet on musculoskeletal and mental health in adult HPP 
patients. Notwithstanding comprehensive documentation re
quirements and mandatory nutritional constraints, evaluation 
of the nutritional data confirmed both high adherence and the 
feasibility of adjusting diet and associated recording efforts. 
Out of 35 participants enrolled, 26 completed the entire 
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interventional program and consistently achieved the nutri
tional goals. Specifically, the participants adhered to dietary 
targeted ranges for phosphorus, calcium, and the calcium- 
phosphorus ratio on the vast majority of days. Accordingly, 
days with very low or high calcium and/or phosphorus in
takes, which are suspected to increase the frequency of 
HPP-related symptoms [13], were rare.

As expected, baseline assessment showed reduced physical 
performance, particularly limited walking distance in the 
6MWT, slower completion of CRT, and lower hand grip 
strength in HPP patients as compared to the general popula
tion at similar age [41-43]. Only the results for TUG test 
and usual gait speed at baseline were within the range of 
values expected for the general population in the fifth decade 
[44, 45]. With that in mind, it appears unlikely that the 
observed improvement in gait speed by about 9.59% at the 
end of the intervention is primarily a result of adjusted diet 
but may rather be a consequence of procedural variations 
and patients getting familiar with the testing procedure. This 
same pattern may apply to the slight improvements seen 
in the TUG test, even though these were not statistically sig
nificant. Conversely, the significant improvement in the 
CRT from a median (range) of 12.5 (6.27-31.8) s to 10.2 
(5.71-27.3) s may not be appropriately explained by mere fa
miliarization with the test procedure, specifically when con
sidering the extent of improvement and the fact that more 
than two-thirds (68.0%) of the patients improved. CRT re
sults attained at the end of the study almost reached mean 
(SD) age- and sex-specific normative values [42].

The slight but statistically significant increase in handgrip 
strength by about 7.15% in the right hand with largely un
altered values on the left side suggests that this may again be a 
matter of participant familiarization and procedural variation 
rather than an intervention-associated effect. Accordingly, 
the median distance covered during the 6MWT remained un
changed at a low level of about 480 m from baseline to the 
end of the study, again suggesting no substantial effect of the 
intervention on exercise capacity.

The pain level assessed with the SF-36 at baseline was in
creased as compared to the population average and similar 
to that reported for other HPP cohorts [9, 12, 46], indicating 
persistent pain and pain-related limitations in daily life. 
However, this did not change significantly following nutri
tional adjustment. Similarly, the baseline median (range) 
PDI score where higher scores reflect more severe impairment 
in daily activities due to pain was elevated to 24.5 (1.00-47.0) 
out of 70 points. In 4 participants (15.4%) and 7 participants 
(26.9%), baseline PDI levels were even worse/higher than re
ported in a study [47] of patients with widespread pain (mean 
[SD]: 41.4 [10.9]) and chronic low back pain (mean [SD]: 36.5 
[13.8]), respectively. However, these values remained by and 
large unchanged over the 8 weeks of nutritional modifica
tions. Similarly, the median (range) pain intensity in the 
VAS at baseline was 5.50 (0.80-8.50), again confirming per
sistent moderate pain in this patient group [48]. While 
changes in pain intensity failed to reach statistical significance 
in the overall cohort, this value reduced significantly in female 
patients, with an individual median change of −16.9%. 
Sex-related variations in pain perception are well established 
[49] and may have led to different changes during the inter
vention, but these findings may also be just coincidental. 
More so since alterations in pain assessed with both the PDI 
and the SF-36 were not statistically significant, even among 

women. This discrepancy across the various questionnaires 
in terms of improvement may be explained by the different as
sessment periods (past 7 days for VAS, past 4 weeks for SF-36, 
not specified for PDI) or the fact that both the SF-36 and the 
PDI capture pain-related limitations, while the VAS merely fo
cuses on pain itself. In that regard, this finding may suggest 
that the improvements in pain intensity were not sufficient 
to cause relevant effects on daily life. Further research is advis
able to substantiate if the improved pain intensity specifically 
in female patients was only a coincidental finding or if dietary 
changes even over more than 8 weeks would result in a sus
tained decrease in pain intensity and subsequently measurable 
improvements in the SF-36 and PDI.

According to recent data from the Global HPP Registry, fa
tigue affects 23.4% to 46.5% of adult patients [46], and sev
eral studies consistently show impaired vitality in HPP as 
measured by the SF-36 [9, 8, 12]. In line with this, the catego
rized analysis of vitality turned out to be the lowest rated of all 
SF-36 subscales in the present cohort with a median (range) 
score of 30.0 (0.00-80.0) at baseline, thus further confirming 
substantial compromise of this aspect in HPP patients. The 
observed significant improvement in that regard even ex
ceeded the suggested minimally important difference (MID) 
of 5 points [50], indicating a relevant improvement in vitality 
over the 8 weeks of dietary adjustment.

Regarding fatigue, the baseline median (range) FAS sum 
score was 32.0 (11.0-44.0) and thus clearly beyond the thresh
old of 22 points considered indicative of fatigue. Since to the 
best of our knowledge the FAS has not been used in HPP pa
tients before, there are no disease-related comparative data. 
However, the median FAS sum score in the HPP patients as
sessed was even worse than what has been reported for pa
tients with rheumatoid arthritis and osteoarthritis, having 
mean (SD) values of 29.9 (3.38) and 26.1 (3.67), respectively 
[51]. More detailed evaluations of the FAS in the present study 
revealed that both physical and mental aspects contributed 
equally to fatigue in our study population, reflecting the fact 
that HPP is associated with limitations of both bodily and 
mental health. Across the nutritional intervention, there was 
a noticeable but no statistically significant decrease in the 
FAS sum score. Since this potential effect is based on patient- 
perceived vitality and fatigue and thus highly subjective, fur
ther research is needed to better understand if this was just a 
matter of coincidence or whether dietary adjustment can actu
ally have a positive and sustained effect on fatigue/reduced vi
tality in HPP patients.

The median PCS score of the SF-36 at baseline in this study 
was equivalent to what has been reported in other HPP groups 
before [8, 12, 46] and thus confirmed the high physical disease 
burden in these patients. Still, after 8 weeks of nutritional 
intervention, none of the physical scales showed a significant 
change, suggesting that the intervention did not have a rele
vant effect on self-perceived physical health despite the slight 
improvements observed in some of the functional assessments. 
This would further underscore the interpretation that altera
tions in physical performance are within the scope of physio
logical variation and do not indicate relevant functional 
improvements. Correspondingly, patient-perceived lower- 
extremity functioning assessed by the LEFS remained stable 
across the intervention, with a median score of 50.5 obtained 
at both visits, that is, persistently below the median (range) of 
77 (4.5-80.0) described for healthy individuals of similar 
age [52].
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Mental health as measured by the MCS score of the SF-36 
did not change significantly at 8 weeks, either. However, it 
is important to note that in contrast to the physical component 
subscales, most of the MCS subscale scores at baseline were in 
line or even slightly below the US reference standard sample 
except for the vitality score. This fact may have contributed 
to the lack of significant changes in categories other than in 
the vitality subscale.

Overall, results in physical function and PROMs did 
not differ between patient groups with increasing vs those 
with decreasing intakes of phosphorus, calcium, and the 
calcium-phosphorus ratio, and we could not identify particu
lar subgroups who experienced an exceptional benefit. 
Conversely, there was no decline in any of the PROMs or 
functional assessments in any of the subgroups and none of 
the participants experienced intervention-related adverse 
events. Accordingly, even though the clinical effectiveness 
of the dietary intervention over 8 weeks assessed here was lim
ited, the results eventually support rather than oppose our pre
vious work [13] and the idea of recommending a balanced 
intake of phosphorus and calcium in adults with HPP.

This becomes even more relevant when considering that al
most half of the patients (42.3%) improved their calcium in
take from a median (range) of 554 (335-754) mg/d to 861 
(741-929) mg/d without having a substantially higher symp
tom burden despite the concomitant increase in phosphorus 
intake. Even though the evaluation of the supply with other 
nutrients was not within the scope of designated outcomes 
of this study, there was a significant increase in median (range) 
fiber intake from 17.2 (8.77-57.6) g/d at baseline to 24.8 
(10.6-53.4) g/d during the intervention. Although this intake 
still did not meet the German recommended level of 30 g/d 
or more [20] during the 8 weeks, this suggests that the study 
diet allowed the selection of nutritionally valuable foods 
such as vegetables, whole grains, legumes, fruits, nuts, and 
seeds, many of which are rich in phosphorus but also in fiber.

Interpretation of the data should be made with respect to 
certain limitations. We did not perform adjustments for mul
tiple testing in this exploratory, hypothesis-generating ap
proach, so even statistically significant results have to be 
interpreted thoughtfully. The dietary adjustment was self- 
administered in the participants’ home setting and not con
ducted under clinical supervision. A nutritionist stayed in 
contact with participants to minimize implementation and 
documentation errors, but bias cannot be completely ruled 
out. Due to the rarity of HPP, the sample size was small and 
lacked a control group, which may reduce the power to estab
lish causality and the transferability to other HPP patients. 
Furthermore, the proportion of participants who did not com
plete the entire intervention program was relatively large, but 
this was partly caused by COVID-19, and the complete data 
sets demonstrated the generally high adherence to the nutri
tional requirements and the feasibility of the study.

Conclusion
In summary, this study indicates that a restricted phosphorus, 
calcium-adjusted diet, defined as intakes of 1160 to 1240 mg 
phosphorus and 870 to 930 mg calcium per day, may positive
ly affect certain aspects of musculoskeletal and mental health 
in adult patients with HPP. However, the overall clinical ef
fectiveness on major issues like endurance and pain appears 
to be limited. Regarding specific aspects like vitality, further 

research is required to determine if the improvement was 
merely a random result or whether adjusting dietary phos
phorus and calcium can actually contribute to beneficial and 
lasting effects. Notwithstanding this, improvements were 
noted in patients with both increasing and decreasing intakes 
of phosphorus, calcium, and the calcium-phosphorus ratio, 
supporting the idea of recommending a balanced intake of 
phosphorus and calcium in adults with HPP.
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