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Abstract

Objectives: Tubular maximum phosphate reabsorption per
glomerular filtration rate (TmP/GFR) is used to evaluate
renal phosphate reabsorption and it is a useful tool for the
differential diagnosis of hypophosphatemic syndromes.
TmP/GFR is typically calculated from fasting plasma and
second morning void urine samples, obtained 2 h after the
first void (TmP/GFR 2 h). The purpose of this study was to
evaluate if TmP/GFR calculated from 24 h urine collection
(TmP/GFR 24 h) can be used as an alternative for TmP/GFR
2 h in patients with urine phosphate wasting.
Methods: We enrolled adult patients with X-linked hypo-
phosphatemia (XLH) or tumor-induced osteomalacia (TIO).

All patients underwent blood and urine sample collections,
to calculate TmP/GFR 24 h and TmP/GFR 2 h.
Results: Twenty patients (17 XLH and 3 TIO), aged 24–78
years, were included. All patients had low TmP/GFR 2 h
(0.35 mmol/L, IQR 0.24–0.47 mmol/L) and TmP/GFR 24 h
(0.31 mmol/L, IQR 0.22–0.43 mmol/L). The concordance cor-
relation coefficient between TmP/GFR 2 h and TmP/GFR 24 h
was 0.86 (95 % CI: 0.69–0.93), with a systematic bias of
0.05 mmol/L (95 % limits of agreement: −0.10 to 0.20).
Furthermore, in 70 % (i.e., 14 patients out of 20) and 80 %
(i.e., 16 patients out of 20) of cases the difference between
TmP/GFR 2 h and TmP/GFR 24 hwaswithin ±30 % and ±35 %,
respectively.
Conclusions: Despite TmP/GFR 2 and 24 h show a relatively
suboptimal agreement, the difference between the two pa-
rameters appears to be small and not clinically significant in
the setting of adult patients with FGF23-dependent urine
phosphate wasting and secondary hypophosphatemia.
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Introduction

Phosphate is an essential element in human physiology, as it is
involved in several biological processes, including regulation of
cellular membrane composition, intracellular metabolism and
signal transduction, acid-base homeostasis, skeletal develop-
ment, and metabolism. Therefore, the maintenance of an
appropriate phosphate homeostasis is of crucial importance [1,
2]. Phosphate is mainly stored in calcified tissues (bone and
teeth) and its serum concentration is primarily regulated by
three hormones: (a) parathyroid hormone (PTH), which pro-
motes phosphate resorption from bone and decreases its
reabsorption in the proximal tubule; (b) 1,25-fibroblast growth
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factor 23 (FGF23), which reduces tubular phosphate reabsorp-
tion, but also inhibits calcitriol synthesis [3].

Serum FGF23 may be assessed by two types of methods:
(a) intact assays, which use two monoclonal antibodies
against N-terminal and C-terminal portion of FGF23 respec-
tively, thus measuring only biologically active molecules; (b)
C-terminal assays, which use antibodies detecting only the
C-terminal portion, that is considered to reflect the amount
of FGF23 transcription or translation [4].

Together with calcium, phosphate is essential for bone
mineralization. Thus, hypophosphatemia may be associated
with the development of rickets and/or osteomalacia [5].
Hypophosphatemic rickets/osteomalacia can be classified in
FGF23-dependent or FGF23-independent, with both groups
including acquired or inherited forms. Among FGF23--
dependent diseases, X-linked hypophosphatemia (XLH) and
tumor-induced osteomalacia (TIO) represent the prototype of
genetic and acquired forms, respectively [6]. In XLH, FGF23
excess is due to a loss-of-function mutation of phosphate
regulating endopeptidase homolog X-linked (PHEX) gene [7],
whereas TIO is a paraneoplastic syndrome in which FGF23 is
hypersecreted by a phosphaturic mesenchymal tumor [8].

Phosphate homeostasis assessment is based on both
serum phosphate levels and renal phosphate reabsorption.
The tubular maximum phosphate reabsorption per
glomerular filtration rate (TmP/GFR) was originally devel-
oped by Bijvoet et al. [9] and later modified by Barth et al.
[10]. It consists in the maximum renal capacity to reabsorb
phosphate per unit volume of glomerular filtration rate and
represents the theoretical lower limit of serum phosphate
below which all filtered phosphate is reabsorbed. TmP/GFR
is considered themost reliable parameter for assessing renal
phosphate wasting and its use is recommended for this
purpose in the diagnosis and management of XLH [11] and
TIO [12]. However, it is still unclear, at least in adults, which
is the best urine sample to consider for its calculation. In the
original paper by Bijvoet [9] an untimed urine morning
sample was used, probably because it was developed for
pediatric patients with hereditary rickets in which this type
of collection is easier to be obtained. However, in a recent
Consensus Statement on XLH management, it has been
suggested the use of a secondmorning void sample obtained
2 h after the first void [11]. On the contrary, no fully estab-
lished evidences exist regarding the possible contribution of
24 h urinary collection in the estimation of TmP/GFR.
Furthermore, 24 h urinary collection remains essential in
evaluating the excretion of other solutes, such as urinary
calcium, oxalate, citrate, and uric acid, which is fundamental
for estimating the risk of kidney stone formation [13, 14], a
common disorder in patients hypophosphatemic diseases
such as XLH [15].

Hence, calculating TmP/GFR on the 24 h urine collection,
rather than the 2 h collection, would be advantageous for the
patient as it involves collecting only one type of urine
sample.

The aims of this study were to evaluate the agreement
between TmP/GFR calculated from 24 and 2 h urine collec-
tions, and to identify any possible determinants which could
influence the levels of these two parameters.

Materials and methods

Patients

We enrolled patients with FGF23-dependent hypophosphatemia evalu-
ated in the outpatient clinic of the Internal Medicine and Endocrinology
Units at the University Hospital of Padova, Italy. Inclusion criteria were:
(1) age ≥18 years; (2) chronic hypophosphatemia, defined as fasting
serum phosphate levels persistently below 0.8 mmol/L [6], before initi-
ating any phosphate or calcitriol supplementation; (3) high serumFGF23
levels, defined as intact FGF23 above 95.4 pg/mL (97.5th percentile of
healthy subjects) and/or C-terminal FGF23 above 0.8 pmol/L (median
value of healthy subjects) with the assays described below; (4) diagnosis
of XLH (defined by the presence of classic clinical features of adult XLH
such as short stature or bowed legs and documented PHEXmutation) or
diagnosis of TIO (defined by the presence of classic clinical features of
adult TIO such as bone pain, fragility fractures and muscle weakness,
and identification of a phosphaturic mesenchymal tumor using 68Ga-
DOTA-D Phe1-Tyr3-octreotide [68Ga-DOTATOC] positron emission to-
mography). Exclusion criteriawere: chronic kidney disease (CKD) stages
3–5 (estimated glomerular filtration rate [eGFR] <60mL/min/1.73 m2,
according to the 2021 Chronic Kidney Disease Epidemiology Collabora-
tion [CKD-EPI] Creatinine equation [16]), acute or chronic liver failure,
intestinal malabsorption syndromes, presence of malignant neoplasm,
previous or current use of anti-osteoporosis drugs andmedications able
to modulate PTH (i.e., cinacalcet) or FGF23 (i.e., burosumab), use of
diuretics, chronic use of systemic corticosteroids, pregnancy or
breastfeeding.

Data collection

Computerized medical records were reviewed and demographic, clin-
ical and radiological data were collected for all patients. These included
the following: age, sex, height, weight, body mass index (BMI), clinical
features (bone deformities, previous orthopedic surgery, fragility frac-
tures and enthesopathies on X-ray, dental abnormalities, renal lithiasis,
gait impairment, musculoskeletal pain) and ongoing treatments (in
particular, oral phosphate salts and calcitriol supplementation).

Biochemical analysis

Blood and urine samples were collected from all patients for
biochemical analysis at the LaboratoryMedicine Unit of the University
of Padova, using methods whose quality performance are monitored
according to ISO 15189 standard. Lithium-heparin plasma and 24 h
urine samples have been collected for calcium and phosphate
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measurements using a colorimetric methods, and for creatinine
enzymatic assay (with calibration traceable to the reference proced-
ure), with the following reference range for plasma phosphate (0.87–
1.45 mmol/L), calcium (2.10–2.55 mmol/L) and creatinine (45–84 μmol/L
in females and 59–104 μmol/L in males). Albumin was measured by an
immunoturbidimetric method, all tests carried out on Cobas 8000
(Roche Diagnostics, Mannheim, Germany). Serum 25-OH-vitamin D,
1,25-(OH)2-vitamin D, PTH (third generation assay, reference range 6.5–
36.8 ng/L) and intact FGF23 (plasma K2-EDTA) were measured using an
automated immunochemiluminescent methods (Liaison XL, DiaSorin,
Saluggia, Italy), while serum C-terminal FGF23 with an ELISA kit
(Pantec, Torino, Italy).

In order to ensure similar sampling conditions, all patients un-
derwent overnight fasting and did not take oral phosphate supplements
for at least 8 h prior to blood collection, that was obtained between 8.30
and 9.00 am. The 24 h urine sample was obtained discarding first
morning void of the day prior to blood tests and collecting subsequent
24 h-urines, including the next morning’s first void. After 2 h from the
first morning void, the urine produced in this time lag were collected
[11]. We decided to wait 2 h after the first void, in order to be sure that a
second voidmight be produced from all patients. Patients were on a free
diet in the days preceding the samplings.

The formulae shown in Table 1 were used to calculate urinary
phosphate to creatinine ratio (uPi/Cr), tubular reabsorption of phos-
phate (TRP) and tubular maximum phosphate reabsorption per
glomerular filtration rate (TmP/GFR), for both 24 h and 2 h urine col-
lections [17].

Statistical analysis

Normally distributed continuous variables are expressed as
mean ± standard deviations (SD). Non-normally distributed variables
are expressed as the median and interquartile range (IQR). Pearson and
Spearman correlation coefficients were used to assess the correlation
between variables, depending on the data distribution. Lin’s concor-
dance correlation coefficient (CCC) [18], Bland-Altman method [19], and
P30 and P35 accuracies (i.e., percentage of TmP/GFR 2 h values within
±30 and ±35 % of corresponding TmP/GFR 24 h values) were used to
evaluate the agreement between the two variables. Multifactorial hy-
potheses were tested by multiple linear regression analysis. In multiple
models, data were expressed as standardized regression coefficients (β)
and p-value. The results were considered significant when the p-value
was less than 0.05. Statistical analysis was performed using the Statis-
tical Package for the Social Sciences (SPSS) software.

Results

Patient characteristics

A total of 20 patients were included in the study, 17 with XLH
and 3 with TIO (see Table 2). Eleven patients (55 %) were
female, andmean age was 46 ± 14 years (range: 24–78 years),
with patients affected by XLH being younger than patients
with TIO (43 ± 10 vs. 62 ± 19 years, p=0.02). Patients with XLH
were also significantly shorter than patients with TIO
(152.6 ± 6.9 vs. 171.0 ± 1.7 cm, p<0.001). All patients with TIO
had symptomatic fragility fractures, compared to 29 %
(i.e., 5/17) of patients with XLH. No patients with TIO had
bone deformities, dental abnormalities, renal lithiasis or gait
impairment, which were instead present in the majority of
XLH subjects (Table 2). All patients were treated with oral
phosphate salts (overall median dose: 3,060 mg/day, median
dose for patients with XLH: 2,500 mg/day, median dose for

Table : Formulae adopted for phosphate metabolism assessment.

a. uPi/Cr=uPi/uCr
b. TRP=1−(uPi/sPi) × (sCr/uCr)
c. TmP/GFR:
If TRP>0.86 then TmP/GFR=0.3 × sPi × TRP/(1−0.8 × TRP)
If TRP≤0.86 then TmP/GFR=sPi × TRP

sPi, serum phosphate concentration; sCr, serum creatinine concentration;
uPi, urinary phosphate concentration; uCr, urinary creatinine
concentration; uPi/Cr, urinary phosphate to creatinine ratio; TRP, tubular
reabsorption of phosphate; TmP/GFR, tubular maximum phosphate
reabsorption per glomerular filtration rate.

Table : Patients’ characteristics.

General

Age, years
Mean ± SD  ± 

Range –

Gender
Female, n (%)  ()
Male, n (%)  ()

Height, cm
Mean ± SD . ± .
Range –

Weight, kg
Mean ± SD . ± .
Range –

BMI, kg/m, mean ± SD . ± .
Diagnosis
XLH, n (%)  ()
TIO, n (%)  ()
Clinical features
Fragility fractures, n (%)  ()
Bone deformities, n (%)  ()
Previous orthopedic surgery, n (%)  ()
Enthesopathy on X-ray, n (%)  ()
Dental abnormalities, n (%)  ()
Renal lithiasis, n (%)  ()
Gait impairment, n (%)  ()
Musculoskeletal pain, n (%)  ()
Ongoing treatment
Oral phosphate salts, mg/day, median (IQR) , (,–,)
Oral calcitriol, μg/day, median (IQR) . (.–.)

Data are expressed asmean± SD,median and IQR, or absolute number and
percentage, as appropriate. SD, standard deviation; IQR, interquartile
range; BMI, body mass index; XLH, X-linked hypophosphatemia; TIO,
tumor-induced osteomalacia.
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patients with TIO: 4,000 mg/day), while 18 patients were also
treated with oral calcitriol (overall median dose: 0.75 μg/day,
median dose for patients with XLH: 0.75 μg/day, median dose
for patients with TIO: 0.50 μg/day). Patients with prior serum
25-OH-vitamin D levels lower than 50 nmol/L were also
treated with oral cholecalciferol supplements.

Renal phosphate handling measures

Laboratory test results are summarized in Table 3. Median
plasma phosphate levels were 0.63mmol/L (IQR
0.51–0.71mmol/L), and all patients had high serum levels of
both intact (median 165.1 pg/mL, IQR 106.1–455.0 pg/mL) and
C-terminal FGF23 (median 4.35 pmol/L, IQR 1.58–8.60 pmol/L).
As expected, all patients had low TmP/GFR 2 h (median
0.35mmol/L, IQR 0.24–0.47mmol/L) and TmP/GFR 24 h
(0.31mmol/L, IQR 0.22–0.43mmol/L) towards age- and gender-
specific reference range [20].

The Bland-Altman analysis revealed that TmP/GFR 2 h
urine sample had a positive bias of 0.05 mmol/L (95 % limits
of agreement: −0.10 to 0.20) vs. TmP/GFR 24 h (Figure 1A).
Overall, in 70 % (i.e., 14/20) and 80 % (i.e., 16/20) of cases the
difference between TmP/GFR 2 h and TmP/GFR 24 h was
within ±30 and ±35 %, respectively. A systematic negative
bias of −0.79 mmol/mmol (95 % limits of agreement: −2.87 to
1.29) was found for uPi/Cr 2 h vs. uPi/Cr 24 h (Figure 1B). The
CCC between TmP/GFR 2 h and TmP/GFR 24 h was 0.86 (95 %
CI 0.69–0.93) (Figure 1C), whereas the CCC between uPi/Cr 2 h
and uPi/Cr 24 h was 0.81 (95 % CI 0.62–0.91) (Figure 1D).

To further insight into the reasons of the relatively sub-
optimal agreement between TmP/GFR 2 h and TmP/GFR 24 h,
a sensitivity analysis was performed by excluding the 3 pa-
tients having the highest absolutedifferences (0.18 mmol/L for
two patients and −0.18mmol/L for one patient) between TmP/
GFR 2 h and TmP/GFR 24 h values (see Figure 1A). These three
patients were females in 2 cases and male in 1 case, were
affected by XLH, aged 34–54 years, and they did not signifi-
cantly differ from the other patients in terms of clinical,
anthropometric characteristics, and laboratory tests.

The exclusion of these three patients showed that the
systematic bias remained almost unchanged but the 95 %
limits of agreement substantially improved for both TmP/
GFR (mean 0.05 mmol/L, 95 % limits of agreement: −0.03 to
0.13, Figure 2A) and uPi/Cr (mean −0.80 mmol/mmol, 95 %
limits of agreement:−2.19 to 0.55, Figure 2B) and thiswas also
true for the CCCs (TmP/GFR 2 h vs. TmP/GFR 24 h, CCC: 0.94,
95 % CI 0.85–0.97, Figure 2C; uPi/Cr 2 h vs. uPi/Cr 24 h, CCC:
0.89, 95 % CI 0.75–0.95, Figure 2D).

TmP/GFR determinants

To identify thedeterminants of TmP/GFR2 handTmP/GFR24 h,
a correlation analysis was performed. TmP/GFR 24 h showed
significant correlations with intact FGF23 (r=−0.590, p=0.006)
and C-terminal FGF23 (r=−0.623, p=0.003), as well as TmP/GFR
2 h (with intact FGF23, r=−0.620, p=0.004; C-terminal FGF23,
r=−0.687, p=0.001). Neither TmP/GFR 24 h nor TmP/GFR 2 h
were significantly correlated with serum PTH (r=−0.105,
p=0.661, and r=−0.319, p=0.170, respectively). A multiple linear
regressionmodel was built up to test whether intact FGF23 and
PTH resulted to be significant and independent correlates of
TmP/GFR. Of note, intact FGF23 significantly predicted both
TmP/GFR 2 h (β=−0.430, p=0.049) and TmP/GFR 24 h (β=−0.482,
p=0.031), while PTH did not significantly predict neither TmP/
GFR 2 h (β=−0.402, p=0.065) nor TmP/GFR 24 h (β=−0.318,
p=0.139).

Furthermore, no significant correlation was observed
between the dose of oral calcitriol taken by the patients and
serum phosphate (r=−0.362, p=0.117), TmP/GFR 2 h (r=−0.407,
p=0.075), and TmP/GFR 24 h (r=−0.240, p=0.307). Similarly, no
significant correlation was found between the dose of oral
phosphate taken by the patients and serum phosphate
(r=−0.048, p=0.841), TmP/GFR 2 h (r=−0.420, p=0.066), and
TmP/GFR 24 h (r=−0.403, p=0.078).

Discussion

In the present study, we observed that TmP/GFR – regardless
of the urine sample used to calculate it – was markedly

Table : Laboratory tests.

Variable Results

Serum phosphate, mmol/L . (.–.)
TmP/GFR  h, mmol/L . (.–.)
TmP/GFR  h, mmol/L . (.–.)
uPi/Cr  h, mmol/mmol . (.–.)
uPi/Cr  h, mmol/mmol . (.–.)
Serum creatinine, μmol/L . (.–.)
Creatinine clearance, mL/min  (–)
Serum albumin, g/L . (.–.)
Serum calcium, mmol/L . (.–.)
Urinary calcium, mmol/ h . (.–.)
PTH, ng/L . (.–.)
-OH-vitamin D, nmol/L . (.–.)
,-(OH)-vitamin D, pmol/L . (.–.)
Intact FGF, pg/mL . (.–.)
C-terminal FGF, pmol/L . (.–.)

Data are expressed as median and interquartile range (IQR). TmP/GFR,
tubular maximum phosphate reabsorption per glomerular filtration rate;
uPi/Cr, urinary phosphate to creatinine ratio; PTH, parathyroid hormone;
FGF, fibroblast growth factor .
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below the age- and gender-specific reference range in all
patients with FGF23-dependent hypophosphatemia, con-
firming the disruption of renal phosphate handling bywhich
they are affected. TmP/GFR shows higher values when
calculated for 2 h urine sample than 24 h sample. Since for
calculating both parameters we used the same values of
serum phosphate and creatinine, this difference is neces-
sarily due to the extent of urinary phosphate excretion as
confirmed by the calculation uPi/Cr, which instead is lower
on 2 h sample. Our hypothesis is that phosphate excretion is
lower during the first hours of the morning, reflecting
circadian changes in serum and urinary phosphate con-
centrations as previously described [21]; in addition, these
circadian changes may be accentuated in patients taking
oral phosphate supplements, as we expect them to increase
serum phosphate levels and, consequently, urinary phos-
phate levels only during the daytime, with a subsequent
decrease during overnight fasting.

Under physiological conditions renal phosphate
handling dependsmainly on PTH and FGF23, whose action is

to reduce the expression of the same sodium-dependent
phosphate cotransporters, NaPi-2a and NaPi-2c, on the
luminal membrane of the proximal renal tubule, thus
inhibiting phosphate tubular reabsorption. In FGF23--
dependent hyperphosphaturic hypophosphatemia instead,
according to our regression model, TmP/GFR seems to
depend more on FGF23, suggesting that when present in
excess it may predominate over PTH.

Despite TmP/GFR 2 and 24 h show a relatively subopti-
mal agreement, the difference between the two parameters
appears to be small and not clinically significant in the
setting of FGF23-dependent hypophosphatemia. In fact, by
calculating the TmP/GFR 2 h from the corresponding TmP/
GFR 24 h value and adding the positive bias calculated with
the Bland-Altman analysis, the TmP/GFR values still turn out
to be significantly reduced compared to the reference range,
thusminimizing the risk of failing to identify a patient with a
hypophosphatemic hyperphosphaturia.

Patients with XLH and TIO are often affected by condi-
tions such as primary or tertiary hyperparathyroidism,

Figure 1: Bland-Altman analysis (A) and Lin’s concordance correlation coefficient (C) for TmP/GFR 2 h and TmP/GFR 24 h. Bland-Altman analysis (B) and
Lin’s concordance correlation coefficient (D) for uPi/Cr 2 h and uPi/Cr 24 h.
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hypercalciuria, nephrolithiasis, or nephrocalcinosis [15, 22, 23].
Thus, a 24 h urinary collection may be necessary to assess
the extent of urinary calcium and other solutes (e.g., urinary
citrate, oxalate, uric acid), as their excretion cannot be
adequately measured with 2 h or spot morning samples [14].
Considering the data presented in this study, the 24 h urine
sample could be an alternative to the 2 h morning sample for
calculation of TmP/GFR. This could enhance patient compli-
ance, as they would only need to collect one type of urine
sample.

There are several limitations of this study. Firstly, the
sample size is relatively small even considering the prevalence
of the diseases that were included. Then, participants were not
prescribed a study diet and were not in a fasting state during
urine sample collections, particularly the 24 h sample. How-
ever, neither calcitriol therapy nor phosphate supplements
were determinants of both TmP/GFR 2 and 24 h. Furthermore,
since we included only patients with FGF23-dependent hyper-
phosphaturic hypophosphatemia and excluded those with

eGFR<60mL/min/1.73m2, we cannot predict if in other settings
TmP/GFR 2 and 24 h have a different level of agreement or if
theymaydependalso onother factors. In particular, in patients
with CKD, there are both a reduced capacity for urinary
phosphate excretion and an increase in PTH, which, when
present in high concentrations, can amplify the TmP/GFR
lowering effect of FGF23 excess [24].

In conclusion, in adult patients affected by XLH or TIO,
TmP/GFR 2 and 24 h are markedly reduced towards refer-
ence range and their difference is within ±30 % in most
cases. Further research is needed to evaluate TmP/GFR 24
and 2 h concordance in other clinical settings.

Research ethics: This study was conducted in accordance
with the principles of the Declaration of Helsinki, and was
performed according to Ethics Committee approval (391n/
AO/23).
Informed consent: Informed consent was obtained from all
individuals included in this study.

Figure 2: Bland-Altman analysis (A) and Lin’s concordance correlation coefficient (C) for TmP/GFR 2 h and TmP/GFR 24 h, after excluding the 3 patients
with the highest absolute differences. Bland-Altman analysis (B) and Lin’s concordance correlation coefficient (D) for uPi/Cr 2 h and uPi/Cr 24 h, after
excluding the 3 patients with the highest absolute differences.

Arcidiacono et al.: TmP/GFR in FGF23-dependent hypophosphatemic syndromes 1131



Author contributions: The authors have accepted
responsibility for the entire content of this manuscript and
approved its submission.
Competing interests: All other authors state no conflict of
interest.
Research funding: None declared.
Data availability: The raw data can be obtained on request
from the corresponding author.

References

1. Marks J, Debnam ES, Unwin RJ. Phosphate homeostasis and the renal-
gastrointestinal axis. Am J Physiol Ren Physiol 2010;299:F285–96.

2. Penido MGMG, Alon US. Phosphate homeostasis and its role in bone
health. Pediatr Nephrol 2012;27:2039–48.

3. Blaine J, Chonchol M, Levi M. Renal control of calcium, phosphate, and
magnesium homeostasis. Clin J Am Soc Nephrol 2015;10:1257–72.

4. Fukumoto S. FGF23-related hypophosphatemic rickets/osteomalacia:
diagnosis and new treatment. J Mol Endocrinol 2021;66:R57–65.

5. Carpenter TO, Shaw NJ, Portale AA, Ward LM, Abrams SA, Pettifor JM.
Rickets. Nat Rev Dis Primers 2017;3:17101.

6. Florenzano P, Cipriani C, Roszko KL, Fukumoto S, Collins MT, Minisola S,
et al. Approach to patients with hypophosphataemia. Lancet Diabetes
Endocrinol 2020;8:163–74.

7. Giannini S, Bianchi ML, Rendina D, Massoletti P, Lazzerini D, Brandi ML.
Burden of disease and clinical targets in adult patients with X-linked
hypophosphatemia. A comprehensive review. Osteoporos Int 2021;32:
1937–49.

8. Florenzano P, Hartley IR, Jimenez M, Roszko K, Gafni RI, Collins MT.
Tumor-induced osteomalacia. Calcif Tissue Int 2021;108:128–42.

9. Bijvoet OLM, Morgan DB, Fourman P. The assessment of phosphate
reabsorption. Clin Chim Acta 1969;26:15–24.

10. Barth JH, Jones RG, Payne RB. Calculation of renal tubular reabsorption
of phosphate: the algorithm performs better than the nomogram. Ann
Clin Biochem 2000;37:79–81.

11. Trombetti A, Al-Daghri N, Brandi ML, Cannata-Andía JB, Cavalier E,
Chandran M, et al. Interdisciplinary management of FGF23-related
phosphate wasting syndromes: a consensus statement on the

evaluation, diagnosis and care of patients with X-linked
hypophosphataemia. Nat Rev Endocrinol 2022;18:366–84.

12. Jan de Beur SM, Minisola S, Xia W, Abrahamsen B, Body J, Brandi ML,
et al. Global guidance for the recognition, diagnosis, and management
of tumor-induced osteomalacia. J Intern Med 2023;293:309–28.

13. Hong YH, Dublin N, Razack AH, Mohd MA, Husain R. Twenty-four hour
and spot urine metabolic evaluations: correlations versus agreements.
Urology 2010;75:1294–8.

14. Zeng G, Zhu W, Robertson WG, Penniston KL, Smith D, Pozdzik A, et al.
International Alliance of Urolithiasis (IAU) guidelines on the metabolic
evaluation and medical management of urolithiasis. Urolithiasis 2022;
51:4.

15. Colares Neto Gde P, Yamauchi FI, Baroni RH, Bianchi Mde A, Gomes AC,
Chammas MC, et al. Nephrocalcinosis and nephrolithiasis in X-linked
hypophosphatemic rickets: diagnostic imaging and risk factors. J
Endocr Soc 2019;3:1053–61.

16. Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y, et al.
New creatinine- and cystatin C–based equations to estimate GFR
without race. N Engl J Med 2021;385:1737–49.

17. Payne RB. Renal tubular reabsorption of phosphate (TmP/GFR):
indications and interpretation. Ann Clin Biochem 1997;35:201–6.

18. Lin LIK. A concordance correlation coefficient to evaluate
reproducibility. Biometrics 1989;45:255.

19. Altman DG, Bland JM. Measurement in medicine: the analysis of
method comparison studies. J R Stat Soc Ser D Stat 1983;32:307–17.

20. Derain Dubourg L, Aurelle M, Chardon L, Flammier S, Lemoine S,
Bacchetta J. Tubular phosphate handling: references from child to
adulthood in the era of standardized serum creatinine. Nephrol Dial
Transplant 2021;37:2150–6.

21. Kemp GJ, Blumsohn A, Morris BW. Circadian changes in plasma
phosphate concentration, urinary phosphate excretion, and cellular
phosphate shifts. Clin Chem 1992;38:400–2.

22. Lecoq A, Chaumet-Riffaud P, Blanchard A, Dupeux M, Rothenbuhler A,
Lambert B, et al. Hyperparathyroidism in patients with X-linked
hypophosphatemia. J Bone Miner Res 2020;35:1263–73.

23. Ni X, Liu W, Zhang D, Li X, Chi Y, Feng J, et al. Hyperparathyroidism in a
large cohort of Chinese patients with tumor-induced osteomalacia. J
Clin Endocrinol Metab 2022;108:1224–35.

24. McKenna MJ, Crowley RK, Twomey PJ, Kilbane MT. Renal phosphate
handling: independent effects of circulating FGF23, PTH, and calcium.
JBMR Plus 2021;5:e10437.

1132 Arcidiacono et al.: TmP/GFR in FGF23-dependent hypophosphatemic syndromes


	Tubular phosphate transport: a comparison between different methods of urine sample collection in FGF23-dependent hypophosp ...
	Introduction
	Materials and methods
	Patients
	Data collection
	Biochemical analysis
	Statistical analysis

	Results
	Patient characteristics
	Renal phosphate handling measures
	TmP/GFR determinants

	Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


