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Abstract: Continuous venovenous hemofiltation (CVVH) with citrate anticoagulation has been shown
to be associated with substantial losses of calcium and negative calcium balance in ICU patients, which
may lead to excessive bone loss and osteoporosis. The aim of this study is to investigate whether
plasma parathormone monitoring can identify patients with negative calcium balance during CVVH.
This is a retrospective single-center study of all adult ICU patients treated with citrate CVVH from
2021 to 2023. PTH was measured routinely once per week. Calcium excretion in ultrafiltrate fluid and
CVVH calcium balance were measured daily. In total, 274 PTH measurements were performed in
111 patients. In 61 measurements (22%), PTH was higher than the upper limit of normal (>8 pmol/L).
If PTH was higher than normal, plasma ionized calcium was less than 1.16 mmol/L in 77% of cases
and hypercalcemia was never present. In a subgroup of patients treated with CVVH for at least
36 h in the preceding 72 h, PTH values were similar for quartiles by cumulative calcium balance.
Increased plasma concentrations of PTH are frequently found in ICU patients treated with citrate
CVVH, but no association was found between PTH and the CVVH calcium balance over the last 72 h.

Keywords: parathormone; CVVH; calcium; ICU

1. Introduction

Citrate-anticoagulation is increasingly used for continuous venovenous hemofiltration
(CVVH) in ICU patients due to its lower risk of bleeding [1] as well as prolonged filter
survival time [2]. We recently reported that citrate anticoagulated CVVH may lead to
loss of calcium in the ultrafiltrate, resulting in a substantially negative calcium balance [3]
despite serum ionized calcium levels well above the generally recommended target of at
least 1 mmol/L [4,5]. Plasma calcium concentrations may remain normal despite calcium
losses due to the body’s homeostatic mechanisms, most importantly the production of
parathormone (PTH). Loss of calcium–citrate complexes in the CVVH ultrafiltrate will
lead to increased PTH secretion, normalizing plasma ionized calcium concentration at
the cost of calcium loss from the skeleton [6]. Critical illness is associated with increased
bone loss and osteoporosis and fractures are more frequent after ICU treatments [7–9].
Additional losses of calcium by CVVH may increase these complications even more. To
avoid net calcium losses during CVVH, calcium loss in the ultrafiltrate can be measured
directly or calculated using a mathematical equation based on ultrafiltrate volume, plasma
total calcium concentration, and blood pump flow rate [3]. As an alternative, it has been
suggested that increased PTH plasma levels could indicate net calcium losses and therefore
be used as a trigger for more calcium supplementation [6].
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This study aimed to describe the association between the CVVH calcium balance and
PTH plasma levels in critically ill patients on citrate-anticoagulated CVVH. We hypoth-
esized that plasma PTH levels are increased in patients if they have a negative CVVH
calcium balance and that measurement of plasma PTH could help identify patients who
could benefit from additional calcium supplementation.

2. Materials and Methods

This is a retrospective cohort study of all patients, 18 years or older, treated with
CVVH and citrate anticoagulation in the ICU of the Leiden University Medical Center
(LUMC) from 1 June 2021 to 27 January 2023. The LUMC has a 24-bed mixed medical
and surgical ICU. Patients were included if at least one plasma PTH measurement was
performed. The relation between PTH and CVVH calcium balance was studied for all PTH
measurements in patients treated with CVVH for at least 36 h in the 72 h preceding a PTH
measurement.

All data used in this study were routinely collected. According to our local protocol,
since June 2021, PTH was measured with 7-day intervals in all patients from the start of
citrate CVVH. A generation second-generation intact PTH (normal range 0.7–8.0 pmol/L)
Elecsys assay of Roche Diagnostics was used on the Cobas e602 Immunoanalyser (Cat nr:
11972103122). Long-term analytic variation was less than 5% within the reference range.
The assay has a 99% cross-reactivity to the PTH fragment 7–84 compared to the intact
1–84 full-length PTH.

Free calcium (normal range 1.15–1.33 mmol/L) was measured four times daily.
CVVH parameters such as replacement flow, blood flow, fluid withdrawal by CVVH,

calcium supplementation, and citrate dose were registered automatically every hour in
the Patient Data Management System. Citrate CVVH was performed using Prismaflex®

or PrisMax® equipment (Baxter International Inc., Deerfield, IL, USA) and either the
HF1400 hemofilter (polyarylethysulfone (PAES) membrane, 1.4 m2) or ST150 hemofilter
(AN 69 ST membrane, 1.5 m2) (Baxter International Inc., Deerfield, IL, USA). Citrate was
administered pre-filter as Prismocitrate 18/0®, containing 18 mmol of citrate per liter as
well as sodium (140 meq/L) and chloride (86 meq/L). At the initiation of CVVH, citrate
was started at a rate of 2.4 mmol/L blood (8 mL prismocitrate 18/0 per mL/h blood flow).
The rate of citrate administration could be lowered according to our local protocol if the
ratio of free calcium to total calcium decreased, or the citrate dose could be increased
in case of frequent clotting of the circuit. As a substitution fluid, we used Biphozyl®

(Baxter Holding B.V., Utrecht, The Netherlands) containing no calcium, Phoxilium® (Baxter
Holding B.V., Utrecht, The Netherlands) containing 1.25 mmol/L calcium, or Prismasol®

(Baxter Holding B.V., Utrecht, The Netherlands) containing 1.75 mmol calcium per liter,
depending on serum bicarbonate and potassium values. Extracorporeal calcium losses
were managed by using the Prismaflex®/PrisMax® closed-loop algorithm for post-filter
calcium/magnesium infusion (Ca-chloride 540 mmol/L and magnesium 240 mmol/L).
Initially, calcium compensation was set at 100% and adjusted to maintain a target ionized
calcium concentration within the range of 1.15–1.30 mmol/L. Free calcium was measured
four times daily.

CVVH calcium balance was measured as the difference between calcium intake by
CVVH and calcium excretion by CVVH. Calcium intake by CVVH was calculated as the
sum of calcium in the replacement fluid and calcium given as post-filter Ca/Mg infusion.
Calcium excretion in CVVH ultrafiltrate was calculated as described earlier [3] using the
equation: calcium excretion (mmol/24 h) = −1.2877 + 0.646 × [Ca]blood,total × ultrafiltrate
(l/24 h) + 0.107 × blood flow (mL/h). This equation was developed in our ICU and
validated in an independent dataset of patients treated with the same CVVH protocol as in
the present study [3]. The mean error of the estimation was −1.0 ± 6.7 mmol/24 h. Calcium
loss in the stools and calcium intake by enteral feeding was not included in the calculated
CVVH calcium balance. According to our protocols, patients received Nutrison Protein
Plus enteral feeding (Nutricia, Zoetermeer, The Netherlands), 1 mL/kg body weight/h
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containing 22 mmol calcium and 17 µg vitamin D per liter, or 1 mL/kg/h parenteral feeding
(SmofKabiven, Fresenius Kabi, Huis ter Heide, The Netherlands) containing 2.53 mmol
calcium per liter.

Statistical analyses were performed in SPSS (IBM Corp. Released 2017. IBM SPSS
Statistics for Windows, Version 25.0. Armonk, NY, USA: IBM Corp.). Concomitantly
measured ionized calcium [Ca++] was the measured plasma [Ca++] at the exact time of
PTH measurement or a maximum of 1 h earlier or later. Differences in categorical data
were tested by the Chi-Square test. Continuous data were tested by Mann–Whitney U test
or t-test depending on the distribution of the data. Normality of data was assessed using
the Shapiro–Wilk test. One-way ANOVA was used for comparisons with more than two
independent variables.

3. Results

From 1 June 2021 to 27 January 2023, 274 PTH-measurements were performed in
111 patients who were all treated with citrate CVVH at any time prior to the PTH measure-
ment during ICU admission. Characteristics of the patients and measurements are shown
in Table 1. Median PTH was 2.4 pmol/L (IQR 1.6–6.5). Values higher than the upper limit
of normal (8 pmol/L) were found in 61 (22%) measurements in 45 patients. In patients with
increased PTH, the median PTH was 17.2 (IQR 12.7–30.1) pmol/L.

Table 1. Characteristics of patients and individual PTH measurements.

All Patients PTH < 8 PTH > 8 p-Value

N= 111 78 33

Male (n; (%)) 71 (64) 51 (65) 20 (61) 0.23

Age (years; median, IQR) 59 (48–67) 56 (48–65) 65 (48–68) 0.17

Weight (kg; median, IQR) 86 (75–100) 90 (78–100) 80 (71–96) 0.09

Length (cm; median, IQR) 175 (168–184) 176 (167–185) 174 (168–181) 0.31

Planned ICU admission 39 (35) 24 (31) 15 (46) 0.14

No of PTH measurements 0.07

1 46 29 17

2 26 20 6

3 13 7 6

>3 26 20 6

Referring specialty 0.26

Cardiology 7 (6) 5 (6) 3 (9)

Internal Medicine 18 (16) 14 (18) 3 (9)

Surgery 20 (18) 15 (19) 4(12)

Cardiac surgery 36 (32) 24 (30) 12 (36)

Pulmonology 6 (5) 4 (5) 2 (6)

Gastro-enterology 11 (10) 7 (9) 4 (12)

Other

Vasopressors on ICU admission (n; (%)) 98 (88) 66 (85) 32 (97) 0.06

Mechanical ventilation on ICU admission (n; (%)) 77 (69) 50 (64) 27 (82) 0.06

Acute Renal Failure at ICU admission 40 (36) 26 (33) 14 (42) 0.36

Liver cirrhosis (n; (%)) 11 (10) 8 (10) 3 (9) 0.85

Chronic Renal Failure (n; (%)) 20 (18) 14 (18) 6 (18) 0.97

APACHE IV score at ICU admission (mean ± SD) 81 ± 27 78 ± 25 88 ± 30 0.05
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Table 1. Cont.

All Patients PTH < 8 PTH > 8 p-Value

Apache IV predicted mortality at ICU admission
(median, IQR) 0.18 (0.09–0.50) 0.28 (0.08–0.57) 0.17 (0.09–0.41) 0.28

ICU length of stay (days; median, IQR) 18.4 (9.3- 39.8) 28.8 (12.5–40.3) 11.9 (7.7–36.1) 0.04

Time on CVVH (hours; median, IQR) 116 (42–361) 307 (143–512) 111 (68–352) 0.01

Hospital mortality (n; (%)) 44 (39.6) 27 (34.6) 17 (51.5) 0.10

All individual PTH-measurements

Total PTH < 8 PTH > 8

N= 274 213 61

PTH (pmol/L; median and IQR) 2.4 (1.6–6.5) 2.0 (1.4–2.9) 17.2 (12.7–30.1) <0.001

Concomitant [Ca++] (mmol/L; mean ± SD) 1.19 ± 0.11 1.21 ± 0.09 1.06 ± 0.14 0.001

Time from PTH to last CVVH period (h; median
and IQR) 0.5 (0–9.5) 0.4 (0–1.5) 0.8 (0–49.4) 0.001

Patients with time from PTH to last CVVH
period < 24 h (n; (%)) 229 (84) 190 (89) 39 (65) <0.001

Based on the first available PTH value, patients with PTH higher than the upper limit
of normal (8 pmol/L) were more severely ill at ICU admission as reflected by a higher
APACHE IV score. The mean plasma ionized calcium was lower in patients with PTH mea-
surements above 8 pmol/L (1.06 ± 0.14 mmol/L) compared to those with PTH < 8 pmol/L
(1.21 ± 0.09 mmol/L, p = 0.001).

The time interval between a PTH measurement and the previous CVVH treatment was
significantly longer for measurements with high PTH plasma concentrations (PTH > 8 pmol/L)
at a median (IQR) of 0.8 (0–49.4) hours, compared to patients with PTH < 8 pmol/L, who
had a median (IQR) of 0.4 (0–1.5) hours (p = 0.001).

Figure 1 shows that PTH values were highest in patients with a low plasma ionized
calcium (PTH 36.9 ± 15.5 pmol/L if [Ca++] < 0.9 mmol/L, PTH 14.5 ± 20.7 if [Ca++]
0.91–1.15, PTH 3.4 ± 5.5 if [Ca++] 1.16–1.40, and PTH 6.2 ± 8.7 if [Ca++] > 1.40; p < 0.001
by One-way Anova).

If the measurement of PTH was higher than the upper limit of normal (n = 61), plasma
ionized calcium was less than 1.16 mmol/L in 77.1% of measurements. In contrast, this
was only the case in 20.2% of measurements when the PTH was normal (Figure 2).

In total, 181 PTH-measurements were performed in 87 patients who were treated with
citrate CVVH for at least 36 h within the three days preceding the PTH measurement. In
this sub-population, the median PTH was 2.0 (IQR 1.3–2.9) pmol/L. PTH was higher than
the upper limit of normal (8 pmol/L) in 16 samples (9%) in 11 patients. PTH levels did
not differ between quartiles of the cumulative CVVH calcium balance over the last 72 h
(Figure 3).

The diagnostic accuracy of using the upper limit of normal PTH (8 pmol/L) as the
cutoff for having a negative CVVH calcium balance is given in Table 2.

Table 2. A 2 × 2 table showing diagnostic accuracy of using PTH > 8 pmol/cutoff for having a
negative CVVH calcium balance in 181 episodes of patients treated with CVVH for at least 36 h in the
three days preceding the PTH measurement. Sensitivity: 16%; specificity: 93%; positive predictive
value: 37%; negative predictive value: 81%.

Calcium Balance < 0 Calcium Balance > 0

PTH > 8 pmol/L 6 10

PTH < 8 pmol/L 31 134
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Figure 2. Plasma ionized calcium concentrations (mmol/L) in patients with normal PTH (<8 pmol/L),
n = 213) or PTH higher than normal (>8 pmol/L, n = 61). p < 0.001 by One-way Anova.
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Figure 3. PTH by quartiles of cumulative CVVH calcium balance over the preceding 72 h for 181 PTH
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preceding the PTH measurement. Q1: ≤2.26 mmol; Q2: 2.27–19.77 mmol; Q3: 19.78–41.86 mmol;
Q4: ≥41.87 mmol. p = 0.35 by Oneway Anova.

4. Discussion

This study was designed to test the hypothesis that measuring plasma PTH levels
could help identify patients with a negative CVVH calcium balance as being at risk of bone
loss. In a population of ICU patients treated with citrate anticoagulated CVVH with a
target plasma concentration of ionized calcium between 1.15 and 1.30 mmol/L, PTH values
were frequently higher than the upper limit of normal but no association between PTH
values and cumulative CVVH calcium balance over the preceding 72 h was identified.

We here showed that PTH values higher than normal were often identified (22% of
measurements) and that in most cases these were secondary to low plasma ionized calcium
levels. Primary hyperparathyroidism with plasma ionized calcium higher than 1.4 mmol/L
was not present in any of our patients.

In this study, no correlation was found between PTH levels and cumulative CVVH
calcium balance in the three days preceding the blood sampling. Importantly, a negative
CVVH calcium balance was present in only 20% of the studied patients. PTH levels
may be more often increased in populations of patients in whom calcium balances are
more negative. In an earlier study from our ICU, we reported markedly negative calcium
balances during citrate CVVH in the period in which we used another CVVH protocol
aiming at lower plasma ionized calcium levels between 0.9 and 1.1 mmol/L, changing to
positive calcium balances after increasing target ionized calcium to 1.15–1.3 mmol/L [3].
Unfortunately, we did not measure plasma PTH levels during the initial period, so we are
unable to compare both periods adequately.

Our findings differ from earlier publications. Van der Voort and others studied
27 ICU patients treated with CVVH with either citrate or nadroparin anticoagulation and
15 ICU patients not treated with CVVH (controls). They found plasma PTH concentrations
higher than normal in almost all patients on citrate CVVH. In these patients, PTH levels
were much higher than in patients with nadroparin CVVH and controls. Mean CVVH
calcium balance was negative in patients on citrate CVVH, while positive in patients
on nadroparin anticoagulated CVVH. A likely explanation for these different findings is
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the target plasma ionized calcium concentrations being 1.15–1.3 mmol/L in our study
compared to 0.8–1.0 mmol/L in the earlier study [6].

In the past, low target ionized calcium levels (much lower than normal physiologic
values) were advocated in guidelines and position papers [4,5]. These low plasma ion-
ized calcium targets were based on the observation that plasma ionized calcium is often
decreased in critically ill patients and the assumption that this might be a protective mecha-
nism [4] based on occasional animal experiments [5,10]. Given the fact that low ionized
calcium targets during CVVH lead to more negative calcium balances [3] in ICU patients
who are already prone to bone loss and fractures [7–9], we recommend adhering to higher
ionized calcium levels during citrate CVVH.

Interestingly, PTH levels exceeding the upper limit of normal were associated with
a longer interval between PTH blood sampling and the last CVVH session. In 35% of
such cases, CVVH was interrupted for at least 24 h at the time of PTH sampling. In the
absence of CVVH, when there is no calcium loss in the ultrafiltrate, the elevated levels of
PTH in the plasma should therefore be explained by an alternative mechanism. Although
speculative, we suggest that this association could result from decreased clearance of PTH
by the hemofilter after discontinuation of CVVH [6,11,12]. In accordance, previous studies
have demonstrated that both polysulfone and AN-69 membranes have the capacity to
substantially absorb PTH (MW 9500 daltons) with limited losses in the ultrafiltrate [13].
Furthermore, with the discontinuation of CVVH, supplementation of calcium was also
stopped, potentially leading to lower ionized calcium and higher PTH levels. Indeed, in
our cohort, calcium supplementation during CVVH was more than losses of calcium.

Some limitations of this study should be discussed. First, in patients with renal failure
and also in patients on CVVH in the ICU, a substantial proportion of circulating PTH may
be in the oxidized form [14,15]. Our assay can make no distinction between biologically
inactive oxidized PTH and active non-oxidized PTH. Furthermore, findings may be much
different in patients treated with CVVH protocols aiming at lower plasma ionized calcium
levels. In these circumstances, PTH levels will be much higher than in our patients. Still,
we do not recommend measuring PTH levels in those situations, but rather we advocate
to increase the target plasma concentrations of ionized calcium during citrate CVVH to
at least 1.15 mmol/L. Furthermore, we only studied the calcium balance as influenced
by CVVH. We did not measure calcium excretion by the kidneys (likely negligible due to
the frequent absence of diuresis) or in the stool and we did not include calcium intake by
enteral or parenteral nutrition. Our recommendation to increase target plasma ionized
calcium concentrations is based on its effect on calcium balance and bone loss. We cannot
rule out the possibility that a higher target could have effects on other biological processes.
It has been reported that lower calcium levels inhibit inflammatory pathways [16] and,
theoretically, this could improve outcomes other than bone loss in ICU patients. We could,
however, find no evidence in the literature that any relevant clinical outcome is improved
by hypocalcemia. Therefore, for now, the evidence is strongly in favor of avoiding marked
hypocalcemia during citrate CVVH.

In conclusion, although increased PTH levels are frequently present, it is not necessary
to measure PTH plasma levels to avoid bone loss during citrate CVVH. Instead, we recom-
mend to adhere to higher plasma ionized calcium targets between 1.15 and 1.30 mmol/L.
Earlier, we showed that this will prevent negative CVVH calcium balances in the vast
majority of patients [3]. Moreover, it will avoid hypocalcemia, which is closely associated
with increased PTH levels. Theoretically, an increase in PTH levels leading to bone loss can
still occur even with plasma ionized calcium levels within the target range if the body’s
own homeostatic setpoint for PTH regulation is at a higher than normal plasma calcium
concentration [17]. Therefore, to be certain that the calcium balance during CVVH will not
be negative, it is necessary to measure or calculate calcium excretion in the ultrafiltrate.
Calculation of calcium excretion by CVVH is reliably possible using only plasma total
calcium concentration, ultrafiltration rate, and CVVH blood flow [3].
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