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1. Streszczenie w jezyku polskim

Wapn, magnez i1 fosfor to sktadniki mineralne o niezwykle istotnym wplywie na
funkcjonowanie organizmu czlowieka. W najwigkszej ilosci wystgpuja one w przestrzeni
wewnatrzkomorkowej, gldwnie kosciach i zgbach, jako materiat budulcowy. Uczestnicza
rowniez w regulacji wielu proceséw niezbednych dla zachowania homeostazy ustroju m.in. w
procesie wytwarzania, magazynowania i uwalniania energii, przewodnictwie nerwowo-
migsniowym, czy w procesie krzepnigcia. Homeostaza wapnia, magnezu i fosforu jest
regulowana poprzez wchlanianie w przewodzie pokarmowym, wydalanie przez nerki i
magazynowanie w tkankach twardych. Regulacja stg¢zenia tych jonéw zachodzi takze poprzez
przenikanie jondw z przestrzeni zewnatrzkomorkowej do przestrzeni wewnatrzkomorkowej
poprzez kanaly jonowe. Ponadto funkcje regulujaca w stosunku do wapnia, fosforanéw i
magnezu petnig tez hormony, w tym witamina D. Ze wzglgdu na tak istotne dla zachowania
zdrowia funkcje petnione przez te sktadniki mineralne, ich nieprawidtowe st¢zenia prowadza
do powaznych zaburzen uktadow oddechowego, krazenia oraz nerwowego. Jednak wyniki
badan oceniajace czgsto§¢ ich wystegpowania sg niespojne oraz prawdopodobnie
niedoszacowane. Ponadto wplyw zaburzen gospodarki wapniowo-magnezowo-fosforanowe;j
na $miertelno$¢ szpitalng nie zostal jeszcze do konca przeanalizowany, tak samo jak
mechanizmy ich powstawania.

Celem niniejszej pracy pt. ,,Ocena czegstoSci wystgpowania zaburzen gospodarki
wapniowo-magnezowo-fosforanowej zwigkszajacych ryzyko zgonu i analiza mechanizméw
ich przyczyn w wyselekcjonowanej populacji hospitalizowanych pacjentéw” i prowadzonych
badan byto poznanie czegstosci wystepowania zaburzen homeostazy wapniowo-magnezowo-
fosforanowej w wyselekcjonowanych grupach hospitalizowanych pacjentow, ocena jej
wpltywu na og6lng $miertelno$¢ szpitalng i zbadanie mechanizmu rozwoju tych zaburzen.

W badaniach przeanalizowano wyniki laboratoryjne pacjentéw hospitalizowanych w
Uniwersyteckim Centrum Klinicznym Warszawskiego Uniwersytetu Medycznego: oséb w
wieku podesztym (powyzej 65 lat), zakazonych wirusem SARS-CoV-2, biorcéw masywnych
transfuzji oraz osob z ogodlnej populacji szpitalnej, ktorym wykonano badania st¢zenia wapnia,
magnezu i fosforu w surowicy krwi. Dodatkowo, przebadano wewnatrzkomorkowe stezenie
magnezu w koncentratach krwinek czerwonych (KK Cz), ktére byty przetoczone pacjentom. W
poszczegolnych badaniach oceniono czgstotliwos¢ wystepowania zaburzen gospodarki
magnezu, wapnia, fosforu 1 witaminy D oraz ich zalezno$¢ od wieku i pici; wystgpowanie

zaburzen gospodarki wapniowo-magnezowo-fosforanowej i witaminy D w zaleznos$ci od



wieku, plci, funkcji nerek, chorob towarzyszacych 1 cigzkosci przebiegu zakazenia SARS-
CoV-2 oraz ich wptyw na ryzyko zgonu pacjentéw hospitalizowanych z powodu COVID-19;
wplyw masywnych transfuzji na stezenie magnezu w surowicy oraz zalezno$¢ wystgpowania
zaburzen gospodarki wapniowo-magnezowo-fosforanowej od przyczyny 1 efektu
hospitalizacji.

Wyniki badan wskazuja na to, ze zaburzenia gospodarki wapnia, magnezu i fosforu
wystepuja u hospitalizowanych pacjentéw bardzo czesto — nieprawidlowe stezenie magnezu
stwierdzono u co trzeciego pacjenta w wieku minimum 65 lat. Stezenie magnezu i witaminy D
byto zalezne od wieku, a wapnia, magnezu i witaminy D od plci. W badaniu z udzialem
pacjentdw hospitalizowanych z powodu COVID-19 stwierdzono, ze zaburzenia gospodarki
wapnia, magnezu, fosforu oraz witaminy D sg bardzo czeste w tej grupie pacjentow, ale jedynie
w przypadku fosforandéw zalezne od cigzkos$ci przebiegu choroby. Niewydolnos¢ nerek byta
zwigzana z wyzszymi st¢zeniami magnezu i fosforanow. Nieprawidtowe st¢zenia badanych
parametrow wystepowaly czesciej wsrdd pacjentdw, ktorych hospitalizacja zakonczyta si¢
zgonem. Przeprowadzono analizg regresji logistycznej, uwzglgdniajaca czynniki potencjalnie
wpltywajace na gospodarke wapniowo-magnezowo-fosforanowsa, tj. wiek, pte¢, choroby
przewlekte, funkcje nerek. Na jej podstawie stwierdzono, ze istotnymi statystycznie
czynnikami zwigkszajacymi ryzyko zgonu w grupie pacjentéw hospitalizowanych z powodu
COVID-19 byta hipermagnezemia (o 50%) oraz hiperfosfatemia (o 240%).

Zbadano rowniez wptyw masywnych transfuzji KKCz na st¢zenie magnezu w surowicy
biorcéw w 24 148 godzin po przetoczeniu. W analizie uwzglgdniono wystgpowanie czynnikow,
ktére moglyby wplyna¢ na badany parametr, czyli niewydolno$¢ nerek, wykonany zabieg
operacyjny, leki podawane dozylnie w czasie hospitalizacji, choroby wspotwystepujace,
dializy. Masywna transfuzja spowodowata u wigkszosci pacjentdw istotny wzrost stezenia
magnezu w surowicy, a takze czgstsze wystepowanie w tej grupie hipermagnezemii. Ponadto
hipermagnezemia wystgpowata cz¢$ciej u pacjentdw, ktdrzy zmarli. Stgzenie magnezu w
surowicy byto pozytywnie skorelowane z objgtosciag przetoczonych KKCz, ale nie z ich
wewnatrzkomorkowym stezeniem magnezu. Prawdopodobnie przyczyna hipermagnezemii
byta tagodna hemoliza pod wplywem ogrzewania krwi przed transfuzja.

Przeprowadzono analize wystgpowania zaburzen gospodarki wapniowo-magnezowo-
fosforanowej w zalezno$ci od przyczyny 1 efektu hospitalizacji oraz chorob
wspotwystepujacych i przyjmowanych przewlekle lekow stosujac rozne metody statystyczne.
Najczestszymi zaburzeniami byly hiperkalcemia (40,4%) 1 hipomagnezemia (22,1%).
Zaobserwowano, ze szczegOlnie choroby przytarczyc oraz watroby wptywaty na stezenie
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wapnia, magnezu i fosforandow w surowicy. Sposrod lekow najwigkszy wplyw miaty
spironolakton, kwas ursodeoksycholowy i diuretyki pgtlowe. Ponadto polipragmazja byta
zwigzana z istotnie wyzszym stg¢zeniem wapnia i fosforandow oraz nizszym stezeniem magnezu
w surowicy. Analiza liniowej regresji wykazata dodatkowo wystepowanie zalezno$ci migdzy
stezeniami wapnia, magnezu oraz fosforanow a nietypowymi czynnikami m.in. chorobami
watroby oraz suplementacjg preparatow wapnia i potasu. Zaobserwowano rowniez zalezno$¢
miedzy wystepowaniem nieprawidlowych stezen badanych parametréw w surowicy oraz
zwiekszonym ryzykiem zgonu, szczegblnie dla stgzen powyzej gornej granicy zakresu
referencyjnego.

Na podstawie przytoczonych badan wyciagnigto wniosek, ze zaburzenia gospodarki
wapniowo-magnezowo-fosforanowej s3 bardzo czgste w populacji hospitalizowanych
pacjentow 1 zwiekszajg ryzyko zgonu, niezaleznie od funkcji nerek. Na szczegdlng uwage
zashuguje hipermagnezemia, ktéra okazata si¢ by¢ zaburzeniem nie tak rzadkim, jak wcze$niej
sadzono, ponadto wystepujacym nie tylko wsrod pacjentdw z zaawansowang niewydolno$cig

nerek oraz bedacg zaburzeniem zwigzanym ze zwigkszonym istotnie ryzykiem zgonu.
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2. Streszczenie w jezyku angielskim

Calcium, magnesium, and phosphorus are minerals with an extremely important impact on
the functioning of the human body. Most of them are found in the intracellular space, mainly
in bones and teeth, where they serve as a building material. They also participate in the
regulation of many processes necessary for maintaining homeostasis of the body, including the
process of energy production, storage and release, neuromuscular conduction, and hemostasis.
The homeostasis of calcium, magnesium, and phosphorus is regulated by absorption in the
gastrointestinal tract, excretion by the kidneys, and storage in hard tissues, but also by the
shifting of ions from the extracellular space into the intracellular space via ion channels. In
addition, their homeostasis is also regulated by hormones, including vitamin D. Due to the
important functions of calcium, magnesium, and phosphates, their abnormal concentrations
lead to serious respiratory, circulatory, and nervous disorders. However, the results of studies
assessing their prevalence are inconsistent and probably underestimated. In addition, the impact
of calcium-magnesium-phosphate disorders on hospital mortality, as well as the mechanisms
of their formation, has not yet been fully analyzed.

The aim of this dissertation entitled “Assessment of the incidence of calcium-
magnesium-phosphate homeostasis disturbances increasing in-hospital mortality and analysis
of mechanisms of their causes in a selected population of hospitalized patients” and conducted
studies was to determine the incidence of calcium-magnesium-phosphate homeostasis
disorders in selected groups of hospitalized patients, to assess its impact on overall hospital
mortality, and to investigate the mechanism of development of these disorders.

An analysis of laboratory results of patients hospitalized at the Medical University of
Warsaw Central Clinical Hospital was performed. The included groups of patients were: elderly
(at least 65 years of age), infected with SARS-CoV-2, recipients of massive transfusions, and
subjects from the general hospital population who had their blood serum calcium, magnesium
and phosphorus concentrations tested. In addition, intracellular levels of magnesium in packed
red blood cell concentrates (RBCs) that were transfused to patients were analyzed. The studies
assessed the incidence of magnesium, calcium, phosphorus and vitamin D disorders and their
relationship with age and gender; the incidence of calcium-magnesium-phosphate and
vitamin D disorders with age, gender, renal function, comorbidities and severity of
SARS-CoV-2 infection and their impact on the risk of death in hospitalized patients due to
COVID-19; and the impact of massive transfusions on magnesium concentration in serum.

The results of the studies show that calcium, magnesium and phosphorus disorders are

11



very common in hospitalized patients — abnormal magnesium levels were found in every third
patient aged 65 years or over. Magnesium and vitamin D levels were age-dependent, and
calcium, magnesium and vitamin D levels were sex-dependent. In the study of patients
hospitalized for COVID-19, calcium, magnesium, phosphorus and vitamin D disorders were
very common, but only phosphate disorders depended on the severity of the disease. Renal
failure was associated with higher magnesium and phosphate levels. Also, abnormal
concentrations were more common in patients with fatal outcome. A logistic regression
analysis was performed, taking into account factors potentially affecting calcium-magnesium-
phosphate homeostasis, i. €. age, sex, chronic diseases, and renal function. It was found that
statistically significant factors increasing the risk of death in the group of patients hospitalized
for COVID-19 were hypermagnesemia (by 50%) and hyperphosphatemia (by 240%).

The effect of massive packed RBCs transfusions on the serum magnesium levels of
recipients at 24 and 48 hours after transfusion was also investigated. The analysis took into
account the presence of factors that could affect the studied parameter, i. e. renal failure,
surgery, intravenous drug administration during hospitalization, comorbidities, and dialysis.
The massive transfusion resulted in a significant increase in serum magnesium in most patients,
as well as a higher incidence of hypermagnesemia in this group. In addition, hypermagnesemia
occurred more frequently in patients with fatal outcome. Serum magnesium levels were
positively correlated with the volume of transfused packed RBCs, but not with their
intracellular magnesium concentration. The hypermagnesemia was probably due to mild
hemolysis under the influence of blood warming before transfusion. This study is an example
of a greater number of factors causing hypermagnesemia in the hospital population than
previously reported in the scientific literature.

An analysis of calcium-magnesium-phosphate homeostasis disturbances, their
incidence, association with reasons for hospitalization and outcome, comorbidities, and
chronically used medications was performed using various statistical methods. Hypercalcemia
(40.4%) and hypomagnesemia (22.1%) were the most common disturbances. It was observed
that especially parathyroid and liver diseases influenced the serum concentration of calcium,
magnesium and phosphates. Among the drugs, spironolactone, ursodeoxycholic acid and loop
diuretics had the greatest effect. Moreover, polypharmacy was associated with significantly
higher calcium and phosphate concentrations and lower magnesium concentration in the serum.
Linear regression analysis additionally showed correlations between the concentrations of
calcium, magnesium and phosphates and unusual factors, among others liver diseases and the

use of calcium and potassium supplements. An association was also observed between the
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occurrence of abnormal concentrations of tested parameters in serum and an increased risk of
death, especially for concentrations above the upper limit of the reference range.

Based on these studies, it was concluded that calcium-magnesium-phosphate disorders
are very common in hospitalized patients and increase the risk of death regardless of renal
function. Particularly noteworthy is hypermagnesemia, which is not as rare as previously
thought, and occurring not only in patients with advanced chronic kidney disease. Moreover,

also associated with a significantly increased risk of death.
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3. Wstep

1. Wapn, magnez 1 fosfor

Wapn, magnez i fosfor sa jednymi z najwazniejszych sktadnikow mineralnych w
ludzkim organizmie. Pelnig réznorodne funkcje regulacyjne wptywajac znaczaco na prace
catego ustroju [1].

Cialo dorostego zawiera od 1 do 1,3 kg wapnia, z czego 99% jest wbudowane w kosci
1 zgby. Pozostaty 1% znajduje si¢ w przestrzeniach wewnatrz 1 zewnatrzkomoérkowych, gdzie
jest najwazniejszym kationem. Zjonizowany wapn wplywa na pobudliwo$¢ komorek
nerwowych, kurczliwo$¢ miegsni oraz prawidtowe funkcjonowanie uktadu odpornosciowego i
uktadu krzepniecia [1].

Magnez jest kofaktorem lub aktywatorem dla ponad 800 enzymdw. Peini réwniez
kluczowa role w przewodnictwie nerwowo-mig$niowym, wplywa na utrzymanie
prawidlowego cis$nienia krwi oraz prawidlowej glikemii. Jest kluczowy dla aktywnego
transportu jonéw wapnia i potasu przez bton¢ komodrkowa, niezbednego dla zachowania
prawidtowej pracy serca. Magnez moduluje réwniez funkcjonowanie komorek uktadu
odpornosciowego, w tym proliferacje limfocytow, aktywacje makrofagéw oraz zwigkszone
uwalnianie reaktywnych form tlenu. Jest to drugi najwazniejszy kation wewnatrzkomorkowy.
Jego stezenie w osoczu krwi jest niskie 1 stanowi okoto 1-3% catkowitej zawarto$ci magnezu
w organizmie. Z pozostalych 99%, 60-65% znajduje si¢ w ko$ciach, 25-30% w mig¢éniach a
10-15% w innych tkankach miekkich [1-3].

Fosfor skoncentrowany jest przede wszystkim w przestrzeni wewnatrzkomorkowej,
szczegOlnie w zgbach i1 kosciach (85%). Natomiast reszta jego calkowitej masy znajduje si¢ w
puli wewnatrzkomorkowej 1 w puli zewnatrzkomorkowej, m.in. w osoczu krwi. Fosforany
odgrywaja kluczowa role w wielu procesach fizjologicznych, np. metabolizmie komorki,
wewnatrzkomorkowej  sygnalizacji, syntezie bialek oraz procesach przetwarzania,

magazynowania oraz uwalniania energii [1, 3, 4].

2. Gospodarka wapniowo-magnezowo-fosforanowa

Stezenia wapnia, magnezu i fosforanow w osoczu krwi sg $cisle regulowane przez nerki
i zalezne od procesu wchlaniania w jelitach oraz wymiany z ko$ci. Nerki dostosowuja
wydalanie do ilosci przyswojonych sktadnikow mineralnych z pozywienia. W regulacji
stezenia wapnia, magnezu 1 fosforanow biorg udziat rézne cz¢éci nefronu, a takze kanaty i

transportery [1].
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2.1. Homeostaza wapnia

Wapn krazy we krwi w 3 postaciach: zwigzanej z albuminami (40%), zjonizowanej
(50%) oraz zlozonej (10%). Dwie ostatnie frakcje podlegaja filtracji nerkowe;.
Najwazniejszym regulatorem stezenia wapnia w surowicy jest parathormon (PTH), ktorego
sekrecja zalezy od interakcji migdzy wapniem a receptorem wykrywajacym wapn (CaSR, ang.
Calcium-Sensing Receptor). Zbyt niskie stezenie wapnia w osoczu (hipokalcemia) stymuluje
sekrecje PTH, a zbyt wysokie stezenie wapnia w osoczu (hiperkalcemia) ja zmniejsza. Wzrost
stezenia PTH powoduje zwiekszong resorpcje wapnia z kosci, obnizenie stgzenia fosforanow
poprzez nasilenie ich wydalania przez nerki, zwigkszong reabsorpcje wapnia w kanaliku
dalszym kretym, a takze podwyzszong produkcje kalcytriolu. Z drugiej strony spadek stezenia
PTH powoduje zmniejszenie reabsorpcji wapnia w grubym ramieniu wstepujacym petli
Henlego [3]. Magnez rowniez oddziatuje na CaSR 1 jego nieprawidtowe stezenia zmniejszaja
sekrecje PTH, wptywajac na homeostaze wapnia [5].

Srednio dziennie filtrowanych przez nerki jest 10000 mg wapnia, z czego wydalanych
jest jedynie 200 mg. Pasywnemu wchtanianiu zwrotnemu w kanaliku proksymalnym podlega
60-70% filtrowanego wapnia, nast¢pnie 20-30% jest reabsorbowana w grubym ramieniu
wstepujacym petli Henlego a 10% w kanaliku dalszym kretym. Wapn dostarczany jest do
ustroju z dietg, $rednio w ilo$ci 800-1000 mg dziennie. Do najbogatszych zrdédet wapnia naleza
mleko i1 produkty mleczne, szczego6lnie dlugodojrzewajace sery, ale tez drobne ryby jedzone z
o$¢mi, orzechy, nasiona i pestki oraz niektére nasiona roslin stragczkowych, zboza i warzywa
kapustne (Tabela 1). Z puli 1000 mg wapnia dostarczonego z dieta wchtoni¢ciu ulega okoto
400 mg. Istniejg 2 drogi wchlaniania wapnia z jelit: szlakiem parakomorkowym (migdzy
komorkami) oraz przezkomorkowym. Szlak parakomdrkowy polega na absorpcji biernej, ktéra
jest podstawowa droga wchtaniania, kiedy stezenie wapnia w $wietle jelita jest wysokie.
Wplywa na niego posrednio kalcytriol, ktory sprawia, ze potgczenia $ciste miedzy komorkami
sa bardziej przepuszczalne dla wapnia. W najwigkszym stopniu warunkuje on jednak proces

aktywnej absorpcji wapnia przez mikrokosmki [1, 3].
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Tabela 1. Zawarto$¢ wapnia, magnezu i1 fosforu w wybranych produktach spozywczych.

Zrédto: Kunachowicz H i wsp. [6]

Grupa produktow/produkt

Zawarto$¢ w 100 g produktu (mg)

Wapn Magnez Fosfor
Nasiona i ziarna
Mak niebieski 1266 458 1022
Stonecznik, nasiona 131 359 784
Dynia, pestki 43 540 1170
Len, nasiona 195 291 722
Orzechy
Migdaty 239 269 454
Orzechy laskowe 186 140 333
Orzechy pistacjowe 135 158 500
Orzechy wloskie 87 99 332
Produkty zbozowe
Maka pszenna, typ 500 18 10 67
Maka pszenna, typ 1850 34 98 295
Kasza gryczana 25 218 459
Kasza jaglana 10 100 240
Kasza jeczmienna, pgczak 20 45 181
Ryz brazowy 32 110 250
Ryz biaty 10 13 135
Makaron bezjajeczny z semoliny 19 34 116
Chleb zytni pelnoziarnisty 66 71 245
Chleb baltonowski 16 26 91
Butki grahamki 24 65 191
Kajzerki 16 19 77
Ptatki owsiane 54 129 433
Warzywa
Brokutly 48 23 66
Fasola biata, sucha 163 169 437
Jarmuz 157 30 56
Burak 41 17 17
Natka pietruszki 193 69 84
Soczewica, sucha 46 71 301
Soja, sucha 240 216 743
Szpinak 93 53 29
Owoce

Banan 6 33 20
Jabtko 4 3 9
Pomarancza 33 12 23
Maliny 35 20 33
Porzeczki czarne 39 20 58
Morele, suszone 139 42 127
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Dodatki
Kakao 16%, proszek 138 420 666
Mieko i produkty mleczne
Mleko 2% tluszczu 120 12 86
Jogurt naturalny 170 17 122
Kefir 2% ttuszczu 103 10 74
Ser twarogowy pottlusty 94 9 227
Ser gouda thusty 807 31 516
Jaja
Jaja kurze cale 47 12 204
Mieso i drob

Wieprzowina, schab bez kosci 15 24 208
Wieprzowina, karkowka 18 17 166
Wotowina, poledwica 4 26 212
Wotowina, szponder 27 19 169
Migso z piersi indyka, bez skory 8 27 214
Migso z piersi kurczaka, bez 5 33 240
skéry

Noga (udo) kurczaka 9 23 196
Szynka kanapkowa 8 13 133

Ryby

Dorsz, filet bez skory 7 29 145
Losos, swiezy 13 29 266
Sledz, marynowany 18 12 149
Makrela, wedzona 5 30 240
Tunczyk, w sosie wlasnym 13 43 170
Sardynka w oleju 330 46 430

Na regulacj¢ stezenia wapnia wplywa wiele czynnikdéw, m.in.: pH krwi, objeto$¢ ptynu
pozakomorkowego, estrogeny, przyjmowane leki, szczeg6lnie diuretyki petlowe [1]. Regulacja

stezenia wapnia zostata przedstawiona na Rycinie 1.
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Magazynowanie
Spozycie wapnia=1000mg  200-500 mg

l Wchtanianie Resorpcja
300 mg 200-500 mg

,__é_____

Czynniki wplywajace

Sekrecja ™. naregulacje stezenia
100 mg . wapnia: pH, diuretyki
petlowe, PTH,
o kalcytrlol estrogeny
Ve

Wydalanie
200 mg

Wydalanie
800 mg

Filtracja 10000 mg,
reabsorpcja 9800 mg

Rycina 1. Regulacja stezenia wapnia. W utrzymaniu homeostazy wapnia biorg udzial przewod pokarmowy, uktad
kostny oraz nerki, a takze czynniki fizjologiczne i hormony. Przy srednim dziennym spozyciu wapnia na poziomie
1000 mg, w jelitach wchtania si¢ okoto 300 mg. Dodatkowo $rednia sekrecja do jelit wynosi 100 mg, przez co
wydalonych z katem jest 800 mg wapnia dziennie. U zdrowych dorostych proces magazynowania wapnia w
kosciach (200-500 mg dziennie) pozostaje w rownowadze z procesem resorpcji (200-500 mg dziennie). W
nerkach filtrowanych jest okoto 10000 mg wapnia kazdego dnia, z czego wchianianiu zwrotnemu ulega 9800 mg,
a 200 mg jest wydalane. Ponadto $rednio 60 mg wapnia jest codziennie traconych przez skore. Na regulacje
homeostazy wapnia wptywaja tez takie czynniki jak pH, PTH, kalcytriol, estrogeny i leki, gtoéwnie diuretyki
petlowe [3].

2.2. Homeostaza magnezu

Magnez wystgpuje w przestrzeni pozakomorkowej pod postacig zjonizowang (60%),
zwigzang z biatkami (30%) oraz ztozong (10%). Szacuje sie, ze 70% krazacego we krwi
magnezu podlega filtracji w nerkach. Dziennie filtrowanych jest srednio 2400 mg magnezu, z
czego 90-95% jest reabsorbowana. Jedynie 10-25% ulega pasywnej resorpcji w kanaliku
proksymalnym, co moze wynika¢ z duzej wielko$ci czasteczki uwodnionego magnezu.
Natomiast az 70% jest wchianiane w cienkim ramieniu wstepujacym petli Henlego na drodze
parakomorkowej reabsorpcji napedzanej przeznabtonkowym gradientem. Pozostate 10%

magnezu podlega aktywnemu transportowi przez kanal jonowy potencjatu receptora
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przejsciowego 6 (TRPM6, ang. Transient Receptor Potential cation channel subfamily M
member 6) w  kanaliku dalszym kretym. Aktywno$s¢ TRPM6 jest regulowana przez
naskorkowy czynnik wzrostu (EGF, ang. Epidermal Growth Factor), a jego ekspresja przez
estrogeny 1 stezenie magnezu w osoczu. Wsrod innych czynnikow wptywajacych na ekspresje
lub aktywno$¢ TRPM6 wymieniane sg tez kwasica, zasadowica 1 leki takie jak takrolimus i
cyklosporyny [3].

Na stezenie magnezu w osoczu wptywa podaz z dieta. W Europie i USA spozycie
magnezu jest nizsze od zalecanego (400-420 mg dziennie dla dorostych mezczyzn, 310-320
mg dziennie dla dorostych kobiet [7]). Jest to prawdopodobnie spowodowane przez proces
przetwarzania zywnosci oraz wyjalowienie gleb. Wsrod dobrych Zroédel magnezu wymienia si¢
orzechy, nasiona i pestki, razowe produkty zbozowe i1 nasiona roslin stragczkowych (Tabela 1).
Z jelita cienkiego (jelita kretego 1 dalszej czgsci jelita czczego) wiekszo$¢ magnezu wcehtaniana
jest biernie, zgodnie z gradientem st¢zen poprzez szlak parakomorkowy, co umozliwia niska
ekspresja bialek potaczen §cistych miedzy enterocytami, czyli klaudyn 1, 3, 4, 5 1 8. Proces ten
moze wspomagaé kalcytriol. Natomiast aktywne wchtanianie przezkomoérkowe wystepuje w
jelicie grubym za posrednictwem TRPM6 oraz kanatu jonowego potencjatu receptora
przejsciowego 7 (TRPM?7, ang. Transient Receptor Potential cation channel subfamily M
member 7), ktdre biorg tez udzial w absorpcji wapnia. Lacznie do 60% spozytego magnezu
ulega absorpcji z jelit, co jest zalezne od stopnia wysycenia organizmu tym sktadnikiem
mineralnym [3, 8].

Absorpcja magnezu z jelit, reabsorpcja w nerkach oraz uwalnianie z kosci jest rowniez
zwickszane przez PTH. Efekt ten moze by¢ jednak hamowany rzez hiperkalcemie [8].

Regulacja st¢zenia magnezu zostata przedstawiona na Rycinie 2.
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Magazynowanie

= w kosciach i
Spozycie magnezu = 360 mg migsniach
Wchtanianie
120 mg
Sekreci e Czynniki wptywajace
eKrecja na regulacje stezenia
20 mg magnezu: PTH,

. kalcytriol, stezenie
 wapnia w surowicy

Wydalanie
100 mg

Wydalanie
260 mg

S
4
Filtracja 2400 mg,
reabsorpcja 2300 mg

Rycina 2. Regulacja stezenia magnezu. W regulacj¢ gospodarki magnezu zaangazowane sa przewod pokarmowy,
uktad kostny i mie$niowy oraz nerki, a takze hormony. Przy spozyciu magnezu w ilo$ci 360 mg droga przewodu
pokarmowego przyswajane jest 120 mg, a wydalane 260 mg. Magnez jest magazynowany w kos$ciach, skad moze
by¢ tez uwalniany. Zasadnicza regulacja st¢zenia magnezu w surowicy zachodzi w nerkach, w ktorych filtracji
podlega 2400 mg magnezu dziennie, z czego 2300 mg jest reabsorbowane, a 100 mg wydalane z moczem. W
regulacji stezenia magnezu biorg tez udziat: PTH, kalcytriol, stezenie wapnia w surowicy [1, 3, 8].
2.3. Homeostaza fosforu

Na catkowite st¢zenie fosforu w osoczu krwi sktadajg si¢ fosforany nieorganiczne, a
takze fosfolipidy 1 inne zwiazki organiczne. Okoto 10% fosforanéw nieorganicznych nie ulega
filtracji lub jest zwigzana z biatkami, a 6% wystepuje w zwigzkach z wapniem lub magnezem
[9]. Podstawowym miejscem reabsorpcji fosforanow jest kanalik proksymalny, gdzie
przebiega 60-70% wchlaniania zwrotnego. Kolejne 10-20% jest reabsorbowane w kanaliku
dalszym kretym. Na wchlanianie zwrotne fosforanow za posrednictwem biatek
transportujacych fosforany zaleznych od sodu 2A i 2C (NaPi2a i NaPi2c, ang. Sodium-
Dependent Phosphate Transport Protein 2A/2C) w kanaliku proksymalnym wplywaja
nastepujace czynniki: podaz fosforanow, PTH oraz czynnik wzrostu fibroblastow 23 (FGF23,

ang. Fibroblast Growth Factor 23) wraz z kofaktorem Klotho [3].
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Przecigtna podaz fosforu z dieta wynosi 1000-1500 mg dziennie. Fosforany wystepuja
powszechnie w zywnosci, w szczegdlnie duzych ilosciach w mleku i1 produktach mlecznych
oraz migsie (Tabela 1). Dostepnos$¢ fosforanéw z pozywienia zalezy od ich formy i jest
wicksza, kiedy jest ona rozpuszczalna, jak w migsie oraz mniejsza dla formy nierozpuszczalnej,
ktora jest charakterystyczna dla produktow roslinnych. Wchtonigciu z jelit, przede wszystkim
jelita cienkiego, ulega $rednio 60-80% spozytego fosforu. Wchtanianie przebiega na drodze
aktywnego (przezkomorkowego) oraz biernego (parakomoérkowego) procesu. Regulacja
wchianiania jest mozliwa za posrednictwem transportera NaPi2b, na ktory oddziatuje
wysokos$¢ podazy fosforu z diety oraz kalcytonina. Ponadto, synteze transportera NaPi2b moga
hamowaé¢ FGF23 i fosfatynina, zmniejszajac tym samym wchtanianie fosforu z jelit [3, 9].

Regulacja stezenia fosforandw w osoczu zostata przedstawiona na Rycinie 3.

Magazynowanie

/\ ﬁ\
J .\\ﬂ/\/{. \
w kosciach | f

= g_,j.’ = ;-i‘ \ \f{uw/
Spozycie fosforu = 1500 mg 0 >

_«“1 Wchtanianie

%0mg
®° o ®
Filtracja 5400 mg,
l reabsorpcja 4500 mg
Wydalanie Wydalanie
600 mg 900 mg

Rycina 3. Regulacja stgzenia fosforandw. W regulacje gospodarki fosforanowej zaangazowane sg przewod
pokarmowy, uktad kostny oraz nerki, a takze hormony. Przecigtne spozycie fosforu z dieta wynosi 1500 mg, z
czego absorbowane jest 900 mg, a 600 mg zostaje wydalone. Wchtanianie fosforu z jelit zwigksza kalcytriol,
ktorego stezenie jest obnizane przez FGF23. Kosci biorg udziatl w regulacji st¢zenia fosforu jako miejsce jego
magazynowania oraz uwalniania pod wpltywem dziatania PTH i kalcytriolu. Ponadto kosci sa miejscem syntezy
FGF23. Najwazniejszym organem regulujacym gospodarke fosforanowsa sa nerki, ktére dostosowuja wysokosé
jego wydalania do podazy. Dziennie filtrowanych w nerkach jest §rednio 5400 mg fosforu, z czego 4500 mg ulega
reabsorpcji a 900 mg wydaleniu. Linie ciagle reprezentuja wplyw pozytywny, wzmacniajacy, a przerywane —

negatywny, hamujacy [3].
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3. Zaburzenia gospodarki wapniowo-magnezowo-fosforanowej

Zaburzenia homeostazy wapnia, magnezu i fosforanéw prowadza do powaznych
dysfunkcji uktadow nerwowego, oddechowego i sercowo-naczyniowego. Wystepuja one
cze¢sto w populacji pacjentéw hospitalizowanych 1 sg zwigzane ze zwigkszonym ryzykiem

zgonu [10-12].

3.1. Hipokalcemia

Hipokalcemia to stan obnizonego stezenia wapnia w osoczu krwi (<2.15 mmol/L),
ktory jest jednym z najczestszych zaburzen elektrolitowych stwierdzanych w populacji
pacjentdw hospitalizowanych z obserwowang czestotliwoscig wystgpowania siegajaca 27,72%
[13, 14]. Moze on dawaé szereg réznorodnych objawoOw, poniewaz niskie stezenie wapnia
moze wplywac na prace praktycznie wszystkich narzadow i uktadow. Najcigzszy przebieg ma
$wiezo rozpoznana hipokalcemia, podczas gdy przewlekle obnizone st¢zenie wapnia moze
by¢ nawet bezobjawowe. Najwazniejszym, ale tez najtrudniejszym etapem leczenia
hipokalcemii jest znalezienie jej przyczyny. Wsrdd najczestszych wymienia si¢ choroby
przytarczyc, ko$éca, jelit i nerek. Przyczyny hipokalcemii, podzielone jako zalezne od PTH i1
przyczyniajace si¢ do obnizonej sekrecji PTH lub niezalezne od PTH, ale powodujace wtdrny

wzrost stezenia PTH, przedstawiono w Tabeli 2 [15].

Tabela 2. Przyczyny hipokalcemii zalezne i niezalezne od PTH. Zrodto: Pepe J i wsp. [15]

Przyczyny zalezne od PTH

Choroby genetyczne Zaburzenia nabyte
Zespot delecji 22q11.2 (zespot DiGeorge) Pooperacyjna niedoczynnos$¢ przytarczyc
Niedoczynnos¢ przytarczyc Hipomagnezemia
Zespot Kearnsa i Sayre’a Hipermagnezemia
Zespot Kenny’ego-Caffeya Autoimmunologiczny zespot niedoczynnosci

wielogruczotowej typu 1

Zespo6t mitochondrialnej encefalomiopatii z kwasica

mleczanowa i epizodami udaropodobnymi Transfuzja krwi (hemosyderoza)

Zespot Sanjada i Sakatiego Radioterapia

Niedobor mitochondrialnego bialka trojfunkcyjnego | Przerzuty sklerotyczne

Hipokalcemia autosomalna dominujaca

Rzekoma niedoczynnos¢ przytarczyc

Choroba Wilsona

Hemochromatoza

Przyczyny niezalezne od PTH
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Genetyczne

Nabyte

Krzywica oporna na witaming D typu 112

Niedobor witaminy D

Krzywica hipokalcemiczna oporna na witaming D

Zaburzenia wchlaniania

Osteoporoza

Przewlekta niewydolnos$¢ nerek

Nadczynno$¢ przytarczyc u matki

Zespot glodnych kosci

Schytkowa niewydolno$¢ watroby

Stan cigzki

Ostre zapalenie trzustki

Cytryniany (wykorzystywane w czasie transfuzji

krwi)

Leki:

-diuretyki petlowe

-fosforany

-foskarnet

-EDTA (kwas wersenowy)

-leki przeciwdrgawkowe

-siarczan magnezu

-kalcytonina, bisfosfoniany, denosumab

-cynakalcet

Hipokalcemii zazwyczaj towarzyszy hiperfosfatemia oraz niskie lub prawidlowe

stezenie PTH w osoczu charakterystyczne dla niedoczynnos$ci przytarczyc. Jest ona rzadkim

schorzeniem, najczesciej wystepujacym jako powiktanie po operacji w obrgbie szyi. Nierzadko

hipokalcemia pojawia na skutek dziatania niepozadanego lekdéw, m.in. diuretykéw petlowych

1 lekow przeciwdrgawkowych, ale tez na skutek ciezkiego niedoboru witaminy D lub chorob i

standw zwigzanych z zaburzeniami wchianiania (nieswoiste choroby zapalne jelit, celiakia,

stan po operacji bariatrycznej wytaczajacej lub restrykcyjno-wylaczajacej). Hipokalcemia

manifestuje si¢ objawami zaleznymi od dotknietych nig narzagdéw i1 uktadow, co sprawia, ze jej

diagnoza stanowi wyzwanie diagnostyczne (Tabela 3) [15].
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Tabela 3. Objawy hipokalcemii w zaleznosci od jej przebiegu i zrodta objawéw. Zrodto: Pepe

Jiwsp. [15]

Narzad/Uklad

Objawy

Sercowo-naczyniowy

Wydtuzenie odstgpu QTc

Blok przedsionkowo-komorowy 2:1 lub blok przedsionkowo-komorowy

II/IIT stopnia

Hipotensja

Kardiomiopatia

Niewydolno$¢ serca

Oddechowy

Swist krtaniowy, skurcz oskrzeli

Nerwowy

Drgawki

Parestezje (okotoustne i konczynowe)

Objaw Chwostka i objaw Trousseau

Tezyczka

Spigczka

Zaburzenia pozapiramidowe (choroba Fahr’a)

Rzekomy guz mézgu

Objawy neuropsychiatryczne (Igk, depresja, choroba afektywna

dwubiegunowa)

Oczy

Zaéma

Zwapnienie rogowki

Obrzgk tarczy nerwu wzrokowego

Nerki

Hiperkalciuria

Obnizony wskaznik filtracji klebuszkowe;j

Kamienie nerkowe

Wapnica nerek

Zeby

Zmieniona morfologia zgbow

Hipoplazja szkliwa zebow

Skora

Lysienie

Sucha skoéra

Hipokalcemia to zaburzenie elektrolitowe zwigzane ze zwickszonym ryzykiem zgonu

u pacjentow hospitalizowanych, szczegdlnie na oddziale intensywnej terapii [10, 16].

Prawdopodobnie to zaburzenia sercowo-naczyniowe s3 przyczyng obserwowanej zwigkszone;j

$miertelnosci pacjentéw z hipokalcemig [16].
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3.2. Hiperkalcemia

Hiperkalcemia jest diagnozowana, gdy st¢zenie wapnia w osoczu przekracza 2,5
mmol/L. Jest ona czgstym zaburzeniem elektrolitowym odpowiadajacym za 0,6% przyje¢ w
nagtych przypadkach i obserwowang czgstotliwoscig wystepowania wsrod hospitalizowanych
pacjentéw na poziomie 4,74% [13]. Najczesciej obserwowane objawy to obnizony nastrdj, bole
migsniowo-szkieletowe, kolka nerkowa oraz béle brzucha. Cigzka hiperkalcemia powoduje tez
nudnos$ci, wymioty, skrocenie odstepu QT w obrazie elektrokadiograficznym, splatanie, a
nawet $pigczke. Najczesciej hiperkalcemia spowodowana jest nadczynno$cig przytarczyc i

chorobg nowotworowa, ale moze mie¢ tez inne przyczyny (Tabela 4) [17].

Tabela 4. Przyczyny hiperkalcemii. Zrodto: Turner JJO [17]

Choroby i zaburzenia Leki i suplementy

Pierwotna nadczynnos$¢ przytarczyc Leki

-diuretyki tiazydowe

-alfakalcydol
-kalcytriol
-lit
Nowotwor Zatrucie witaming D
Trzeciorzgdowa nadczynnos$¢ przytarczyc Zatrucie witaming A

Choroby ziarniniakowe (gtdwnie sarkoidoza)

Tyreotoksykoza

Unieruchomienie

Rodzinna hiperkalcemia hipokaciuryczna

Nieleczona choroba Addisona

Pierwotna nadczynno$¢ przytarczyc, czyli najczestsza przyczyna hiperkalcemii,
zazwyczaj jest spowodowana gruczolakiem przytarczyc (jest tak w okoto 85% przypadkow),
rak przytarczyc jest przyczyna 1% przypadkoéw, a reszta wynika z obecno$ci mnogich
gruczolakoéw lub przerostu wielogruczotowego. W wyniku nadczynnosci przytarczyc dochodzi
do wzrostu sekrecji PTH i w efekcie wzrostu stezenia wapnia w osoczu. Odkryto juz geny
potencjalnie odpowiadajace za rozwdj pierwotnej nadczynnos$ci przytarczyc i obserwowane
jest rodzinne wystgpowanie tej choroby. Natomiast nowotwor przyczynia si¢ do wystapienia
hiperkalcemii poprzez zwigkszenie sekrecji peptydu strukturalnie zblizonego do parathormonu
(PTHrP, ang. Parathyroid Hormone-related Protein), przerzuty osteolityczne, aktywacje

witaminy D do aktywnej postaci (najczgsciej w przypadku chtoniakow) [17].

25



Hiperkalcemia jest zwigzana ze zwigkszonym ryzykiem zgonu w populacji pacjentéw
hospitalizowanych [10, 16]. Wér6d prawdopodobnych przyczyn tej zaleznosci wymienia si¢
wcezesng $mieré komoérek z powodu aktywacji apoptozy i nekrozy przez wysokie st¢zenie

wapnia, a takze zaburzenia sercowo-naczyniowe [10].

3.3. Hipomagnezemia

Hipomagnezemia to stan obnizonego st¢zenia magnezu w osoczu (<0,75 mmol/L),
wystepujacy u okoto 20,2% hospitalizowanych pacjentéw [18]. Gospodarka magnezowa moze
by¢ zaburzona przez stany chorobowe i leki wptywajace na jelitowa i nerkowa absorpcje
magnezu. Ekspresja TRPM6 w nefronie moze by¢ hamowana przez cetuximab, cisplatyng,
cyklosporyny i takrolimus, dlatego tagodna lub S$rednio-cigzka hipomagnezemia jest
diagnozowana u okoto 50% biorcéw narzagdow w ciggu pierwszych tygodni i miesigcy po
przeszczepieniu. Inhibitory pompy protonowej hamuja aktywne wchlanianie magnezu w
jelitach za posrednictwem TRPM6/7. Istnieja rowniez rzadkie dziedziczne mutacje
prowadzace do zwigkszonej utraty magnezu z moczem, np. zespdt Gitelmana [19].
Hipomagnezemia jest tez czesto diagnozowana u pacjentow z cukrzyca typu 2, co jest
prawdopodobnie wynikiem zmniejszonej ekspresji TRPM6 w nerkach pod wptywem insuliny.
Z drugiej strony poprawa insulinowrazliwo$ci, m.in. pod wplywem farmakoterapii, ale tez
redukcji masy ciala i aktywnosci fizycznej, prowadzi do podwyzszenia st¢zenia magnezu w
surowicy [20].

Objawy hipomagnezemii zaleza od jej nasilenia, ale najbardziej typowe jest zme¢czenie
1 senno$¢ (Tabela 5). Obnizenie progu stymulacji nerwéw powoduje objawy nerwowo-
migsniowe. Dodatkowo, tezyczka i1 drgawki moga wynika¢ z hipokalcemii, bedacej

konsekwencja obnizenia sekrecji PTH spowodowanego hipomagnezemig [20].
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Tabela 5. Objawy hipomagnezemii. Zrodto: Grober U i wsp. [8]

Umiejscowienie Objawy

Ogodlne Niepokdj, ospatos¢, ostabienie, podniecenie, depresja,
bolesne miesigczkowanie, nadpobudliwos$¢, bol
glowy, drazliwos¢, niska tolerancja stresu, obnizony
apetyt, mdlosci, zaburzenia snu, obnizona wydolnos¢

fizyczna

Migénie Skurcze migéni,  podeszew stop, nog, lydek,

nadgarstkow, mie$ni twarzy, bole plecoéw, karku,

tezyczka utajona
Nerwy/osrodkowy uktad nerwowy Nerwowos¢, wzmozona wrazliwo$¢ receptorow N-
metylo-D-asparaginowych (NMDA) na

neuroprzekazniki pobudzajace, migrena, depresja,
oczoplas, parestezje, zaburzenia pamieci, drgawki,

drzenie, zawroty glowy

Uktad pokarmowy Zaparcia

Uktad sercowo-naczyniowy Ryzyko arytmii, nadkomorowe Iub komorowe
zaburzenia rytmu, nadci$nienie, skurcz wiencowy,

niewydolnos¢ migsnia sercowego, Torsade de pointes

Rownowaga wodno-elektrolitowa Hipokaliemia, hipokalcemia, retencja sodu

Metabolizm Hipercholesterolemia, hipertriglicerydemia, stan
przedcukrzycowy, insulinooporno$¢, zwickszone
ryzyko  zespolu  metabolicznego,  zaburzenia
metabolizmu kostnego i witaminy D, rzekoma
niedoczynno$¢ przytarczyc, niskie stgzenie PTH,
oporno$¢ na witaming D, obnizone stezenie witaminy

D, nawracajgca kamica szczawianowo-wapniowa

Inne Astma, zespot przewleklego zmeczenia, osteoporoza
Ciaza Powiktania (np. poronienie, przedwczesny pordd,
rzucawka)

Hipomagnezemia jest zwigzana ze zwickszonym ryzykiem zgonu u pacjentéw
hospitalizowanych [11, 21]. Prawdopodobnie efekt ten wynika z zaburzen funkcjonowania

nabtonka naczyn, pracy serca, krzepliwos$ci krwi, niewydolnosci oddechowej [11].
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3.4. Hipermagnezemia

Hipermagnezemia definiowana jest jako st¢zenie magnezu w osoczu powyzej 1
mmol/L [22]. To zaburzenie jest uwazane za rzadkie w populacji szpitalnej, dotykajace $rednio
5,7-9,3% pacjentow [23, 24]. Najczesciej hipermagnezemia stwierdzana jest u pacjentow z
niewydolnoscia nerek (10-15%) [3]. Wynika to z faktu, ze przy zachowanej prawidtowej
funkcji nerek, usuwaja one nadmiar magnezu z moczem i dopiero uposledzenie tej funkcji
moze prowadzi¢ do hipermagnezemii. Co ciekawe, jednak nawet w grupie pacjentow z
niewydolnoscig nerek hipomagnezemia jest obserwowana jako podobnie czesto wystepujace
zaburzenie gospodarki magnezu, dotykajace 15% pacjentow w tej grupie [25].
Prawdopodobnie spowodowane jest to ograniczeniami dietetycznymi, niedozywieniem,
biatkomoczem, niedoborem witaminy D i stosowanym leczeniem przy uzyciu diuretykow [20,
25].

Inng przyczyng hipermagnezemii jest stosowanie lekow przeczyszczajacych
zawierajacych magnez, z ktorych jest on przyswajany w sposob ciagly i bierny, niezalezny od
stopnia nasycenia organizmu magnezem [20]. Hipermagnezemia byta tez zaburzeniem
wystepujacym u pacjentow hospitalizowanych z powodu zakazenia SARS-CoV-2 1
wskazujacym na cigzko$¢ przebiegu choroby. Jej wystgpowanie byto zwigzane z wydluzong
hospitalizacja, koniecznos$cig zastosowania wentylacji mechanicznej oraz zwigkszong
$miertelnos$cia [26]. Hipermagnezemia moze przebiega¢ bezobjawowo lub manifestowac si¢
w niecharakterystyczny sposob, m.in. zaczerwienieniem twarzy, boélem gltowy, mdlosciami,
zawrotami glowy, dezorientacja. Wraz ze wzrostem jej nasilenia objawy moga obejmowac
zaburzenia mowy i chodu, arytmi¢ oraz bradykardi¢, a w ekstremalnych przypadkach moze
doj$¢ do zatrzymania akcji serca [20].

Stezenie magnezu w surowicy powyzej gornej granicy zakresu referencyjnego jest
zwigzane ze zwigkszonym ryzykiem zgonu w populacji szpitalnej [11, 27, 28]. Nie jest to
zawsze efekt zalezny od funkcji nerek 1 wptywu nadmiernego stezenia magnezu na pracg serca

[11,27].

3.5. Hipofosfatemia

Hipofosfatemia diagnozowana jest przy st¢zeniu fosforanow w osoczu <0,8 mmol/L.
Jest to stosunkowo rzadkie zaburzenie, z obserwowang czgstotliwoscia wystgpowania w
populacji szpitalnej na poziomie 2,2-3,1%. Czgstotliwos¢ ta jest jednak duzo wyzsza wsrod
pacjentow hospitalizowanych na Oddziale Intensywnej Terapii (29-34%) oraz dlugotrwale

naduzywajacych alkoholu (30%) [9]. Interesujaca obserwacja Thongprayoon i
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wspoOtpracownikoéw [12] bylo to, ze ponad potowa pacjentow z prawidtowym stgzeniem
fosforanow przy przyjeciu rozwija w czasie hospitalizacji zaburzenia homeostazy fosforu.

Hipofosfatemia jest zazwyczaj efektem dziatania wielu czynnikow, m.in. chordb
przewlektych oraz stosowanej farmakoterapii. Wyrdznia si¢ jednak 3 gtowne mechanizmy, na
drodze ktérych moze wystapi¢ hipofosfatemia: (1) redystrybucja fosforanow z przestrzeni
zewnatrzkomorkowej do wewnatrzkomorkowej; (2) obnizone wchlanianie w jelitach; (3)
zwigkszona utrata przez przewdd pokarmowy lub nerki [9]. Przyczyny hipofosfatemii

przedstawiono w Tabeli 6.

Tabela 6. Przyczyny hipofosfatemii. Zrodto: Leung J i Crook M [9]

Przyczyny hipofosfatemii

Redystrybucja z przestrzeni zewnatrzkomorkowej do e Dozylna podaz glukozy

wewnatrzkomorkowe;j e Zasadowica (oddechowa lub metaboliczna)

e Podaz insuliny

e Zespdt ponownego odzywienia (refeeding
syndrome)

e Kwasica ketonowa

Niska podaz fosforanow, np. z powodu zZywienia pozajelitowego

Zaburzenia wchlaniania

Przewlekte naduzywanie alkoholu

Uraz, operacja, zawal mig$nia sercowego

Nasilona utrata przez nerki e Izolowane zaburzenie gospodarki fosforu

e Osteomalacja hipofosfatemiczna

e Krzywica hipofosfatemiczna sprzgzona z
chromosomem X

e Osteomalacja onkogenna

e Paracetamol

e  Zespot Fanconiego

Choroby genetyczne e  Choroba Denta

e Kirzywica oporna na witaming D typu 1

e Krzywica oporna na witaming D typu 2

e Dziedziczna krzywica hipofosfatemiczna z

hiperkalciurig

Leki e Leki zoboje¢tniajace
e Acetazolamid
e Leki przeciwdrgawkowe

e Bisfosfoniany
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Zespot glodnych kosci

Roéznorodne

e  Choroba watroby

e Posocznica

e Nadczynno$¢ przytarczyc

Hipofosfatemia moze przebiega¢ bezobjawowo lub dawacé zalezne od jej nasilenia

objawy. W przypadku dlugotrwatej hipofosfatemii o $rednim nasileniu jedyna trwatg

konsekwencjg sg zaburzenia kos¢ca, m.in. krzywica [9]. Objawy hipofosfatemii przedstawiono

w Tabeli 7.

Tabela 7. Objawy hipofosfatemii. Zrédto: Leung J i Crook M [9]

Objawy

Hematologiczne Erytrocyty

e  Obnizenie st¢zenia 2,3-Bisfosfoglicerynianu

e  Mniejsze dotlenienie tkanek

Leukocyty
e Ograniczenie fagocytozy
e Mniejsza zdolnos¢  granulocytow  do
chemotaksji
e obnizone dzialanie bakteriobdjcze
Plytki krwi

e  Obnizone stgzenie

e Nieprawidlowa retrakcja skrzepu
Uktad migsniowo-szkieletowy e Miopatia proksymalna

e Rabdomioliza

e Bole kosci

e Osteomalacja lub krzywica

e  Zaburzenia wzrastania
Nerwy/o$rodkowy uktad nerwowy e  Drzenie

e Drgawki

e Dezorientacja

e Majaczenie

e Spiaczka
Uktad sercowo-naczyniowy Kardiomiopatia
Uktad oddechowy Niewydolno$¢ oddechowa
Nerki e Hiperkalciuria

e Hipermagnezuria
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e Kwasica metaboliczna

Hipofosfatemia jest zwigzana ze zwigkszonym ryzykiem zgonu w populacji szpitalnej
[12, 29]. Efekt ten wynika najprawdopodobniej z zaburzen funkcjonowania uktadow

odpornosciowego i oddechowego [12].

3.6. Hiperfosfatemia

Hiperfosfatemia diagnozowana jest, kiedy stezenie fosforanéw przekracza 1,5 mmol/L.
Jest ona stwierdzana przy przyjeciu do szpitala u 12% pacjentdow bez schytkowe;j
niewydolnosci nerek lub ostrego uszkodzenia nerek [30]. Natomiast wsrdéd chorych ze
schytkowa niewydolnoscig nerek czestotliwos¢ wystgpowania hiperfosfatemii siega 50-74%
[31]. Hiperfosfatemia rozwija si¢ na drodze 4 mechanizméw: (1) nadmiernej podazy fosforu;
(2) redystrybucji migdzy przestrzenia wewnatrzkomorkowa 1 zewnatrzkomorkowa; (3)
obnizonym wydalaniu przez nerki oraz (4) hiperfosfatemii rzekomej [9]. Przyczyny

hiperfosfatemii przedstawiono w Tabeli 7.

Tabela 8. Przyczyny hiperfosfatemii. Zrédto: Leung J i Crook M [9]

Przyczyny hiperfosfatemii

Nadmierna podaz fosforu e Egzogenna (droga przewodu pokarmowego,
dozylna)

e  ZespOt rozpadu guza

e Rabdomioliza

e  Zatrucie witaming D

e Srodki przeczyszczajace zawierajace fosfor

o Wysokie spozycie fosforu z dieta z
towarzyszaca niewydolnos$cia nerek

e Hemoliza w trakcie transfuzji

Redystrybucja migdzy przestrzenia e  Nowotwor (biataczka i chtoniak)
wewnatrzkomoérkowsg i zewnatrzkomorkowsa e Kwasica  (oddechowa, ketonowa i
mleczanowa)

e  Niedokrwienie tkanek
e Rozpad krwinek, np. z powodu anemii

sierpowatej

Obnizone wydalanie przez nerki e Niewydolnos¢ nerek

e Niedoczynno$¢ przytarczyc

e Rzekoma niedoczynno$¢ przytarczyc
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e Akromegalia
e  Tyreotoksykoza

Hiperfosfatemia rzekoma Endogenna

e Dysproteinemia

e Hemoliza

e Hiperlipidemia

e Hiperbilirubinemia
Egzogenna

e Amfoterycyna B

e Heparyna
e Tkankowy aktywator plazminogenu
Inne e Zmniejszenie objetosci ptynu
pozakomorkowego

e Niedobor magnezu

e Leczenie bisfosfonianem

Hiperfosfatemia przebiega zazwyczaj bezobjawowo 1 dopiero przy bardzo wysokim
stezeniu fosforandw w osoczu moga pojawi¢ si¢ objawy hipokalcemii (drzenie, drgawki,
hipotensja). Jest to spowodowane wigzaniem wapnia przez fosforany, co prowadzi do
zwapnien na drodze wytracania si¢ i osadzania fosforanu wapnia w tkankach migkkich [9].

Hiperfostatemia zwigksza ryzyko zgonu pacjentow hospitalizowanych [12, 30]. Efekt

ten jest zwigzany z zaburzeniami pracy serca wynikajacymi z hipokalcemii [12].

4. Wyzwania diagnostyczne

Zaburzenia homeostazy wapnia, magnezu i fosforanéw mogg stanowi¢ wyzwanie
diagnostyczne. Jest to spowodowane zlozonoscig systemow regulacji tych elektrolitow, ale tez
brakiem zgodnosci w kwestii metod stosowanych do wykonania pomiaru, czy zakreséw
warto$ci referencyjnych, wedlug ktérych oceniane sa wyniki. Trudnos$ci te dotycza przede

wszystkim oceny homeostazy magnezu [32].

4.1. Wapn

Prawidtowa ocena gospodarki wapnia wymaga uwzglednienia dwoch dodatkowych
parametroOw — stezenia albuminy w surowicy oraz pH. U pacjentdw, u ktorych stwierdzone jest
obnizone st¢zenie albuminy wylicza si¢ korygowane st¢zenie wapnia. Natomiast u pacjentéw
z zaburzeniami rownowagi kwasowo-zasadowej zaleca si¢ wykonanie badania stezenia wapnia

zjonizowanego. Ponadto ze wzgledu na fakt, ze hipomagnezemia moze by¢ przyczyng
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obnizonego st¢zenia PTH 1 w konsekwencji nieprawidtowego stgzenia wapnia, w sytuacji
hipokalcemii korzystna moze by¢ tez ocena st¢zenia magnezu [15].

Najczesciej stosowanymi wartosciami referencyjnymi dla stgzenia wapnia catkowitego
w surowicy sg 2,12-2,62 mmol/L (8,5-10,5 mg/dL) [5, 15]. Przyjmowane zakresy referencyjne
nie sg jednakowe we wszystkich krajach i laboratoriach, ale réznice migdzy nimi nie sg
znaczace. Na przyktad w badaniu Catalano i wsp. [13] za punkt odcigcia dla hipokalcemii
przyjeto warto$¢ 2,05 mmol/L (8,4 mg/dL), a w badaniu Wieliczko 1 wsp. [14] 2,15 mmol/L
(8,6 mg/dL).

Wzor na st¢zenie wapnia w surowicy skorygowane o albuming jest nastgpujacy: calkowite
stezenie wapnia w surowicy (mmol/L) + 0,02 x [40 — stgzenie albuminy w surowicy (g/L)]

[15].

4.2. Magnez

Najwickszym wyzwaniem w ocenie gospodarki magnezu jest to, ze jest on elektrolitem
wystepujacym gtéwnie w przestrzeni wewnatrzkomorkowej. Stezenie magnezu w przestrzeni
zewnatrzkomorkowej, np. krwi, ktdra stanowi najczgsciej wykorzystywany i tatwo dostepny
material do badan, jest niskie. Ponadto podnoszona jest tez kwestia, ze by¢ moze 1% magnezu
znajdujacego si¢ w przestrzeni zewnatrzkomoérkowej nie jest najlepsza reprezentacja
pozostalych 99% zawarto$ci magnezu w organizmie [32]. Z drugiej jednak strony st¢zenie
magnezu w przestrzeniach nie jest state. Jest ono regulowane poprzez przenikanie jonow
pomigdzy przestrzenia wewnatrzkomorkowa 1 zewnatrzkomoérkowa przez kanaty jonowe,
m.in. TRPM?7 [33, 34]. Na stezenie magnezu w surowicy wptywa wysoko$¢ spozycia tego
sktadnika z dieta, wzrasta ono tez pod wptywem stosowania suplementacji [32]. Jednocze$nie
jest to parametr odzwierciedlajacy szybko zachodzace zmiany w organizmie, co obniza jego
warto$¢ jako parametru wykorzystywanego do oceny stanu odzywienia magnezem, ale
sprawia, ze moze by¢ przydatny w praktyce klinicznej [8, 26].

Kolejng trudnoscig diagnostyczng jest brak konsensusu w kwestii wartosci
referencyjnych stosowanych w celu oceny gospodarki magnezu. Wsrdd czesto stosowanych
zakresow referencyjnych sa: 0,76-1,15 mmol/L (1,85-2,8 mg/dL) [8] oraz 0,75-0,95 mmol/L
(1,7-2,43 mg/dL) [22]. Najwigcej kontrowersji wigze si¢ z wyznaczeniem granicy dla
hipermagnezemii. Przez pewien czas tagodna hipermagnezemia uwazana bylta za potencjalnie
korzystna ze wzgledu na przeciwutleniajace 1 przeciwzapalne dziatanie magnezu [20]. Jednak
w badaniu oceniajagcym zwiazek migdzy st¢zeniem magnezu w surowicy a ryzykiem zgonu u

pacjentdw hospitalizowanych na oddziale intensywnej terapii zaobserwowano, ze ryzyko to
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bylo wigksze u pacjentdw, u ktorych stezenie magnezu przekraczato 1 mmol/L [27]. Podobne
wnioski wyciggnigto na podstawie obserwacji zalezno$ci miedzy stgzeniem magnezu w
surowicy pacjentdow po zawale migsnia sercowego a ryzykiem zgonu. Stezenie powyzej 0,8
mmol/L byto zwigzane ze zwigkszonym ryzykiem zgonu, réwniez po uwzglednieniu funkcji
nerek [35]. Z drugiej strony w grupie pacjentow z cukrzyca stezenie 0,82-1,03 mmol/L wigzato
si¢ z najmniejszym pogorszeniem funkcji nerek i najlepsza kontrolag glikemii [8]. Wydaje si¢
zatem, ze istnieje stosunkowo waski przedzial warunkujacy prawidtowe funkcjonowanie
organizmu, ktéry jednak moze nie by¢ jednakowy dla wszystkich grup pacjentow [8].

Z uwagi na fakt, ze magnez jest przede wszystkim kationem wewnatrzkomorkowym,
najlepsza metoda oceny jego zawartosci powinien by¢ pomiar jego stezenia w komorkach, np.
krwinkach czerwonych. Czerwone krwinki moga by¢ zrédlem informacji o ustrojowej
zawarto$ci magnezu, jednak pomiar wewnagtrzkomorkowego stezenia magnezu nie jest metoda
ogoblnie dostepna 1 tatwa w wykonaniu [36]. Stosowane wartos$ci referencyjne to 4,2—6,8 mg/dl

[37].

4.3. Fosfor

Ocena gospodarki fosforu wydaje si¢ budzi¢ najmniej kontrowersji. Sam pomiar
stezenia nieorganicznych fosforanéw w surowicy nie stanowi wyzwania diagnostycznego.
Natomiast stosowane zakresy referencyjne nie roznig si¢ znaczaco miedzy krajami i

laboratoriami, mieszczac si¢ zazwyczaj w zakresie 0,8—1,3 mmol/L [9].

5. Uzasadnienie polaczenia publikacji w cykl

Zaburzenia gospodarki wapniowo-magnezowo-fosforanowej sg zagadnieniem bardzo
ztozonym 1 niedostatecznie dobrze poznanym. W celu poszerzenia wiedzy w tym temacie
konieczne bylo zaplanowanie i przeprowadzenie wigcej niz jednego badania, aby moc
uwzgledni¢ rézne grupy pacjentdow, szczegolnie takie, ktore nie byly wezesniej analizowane
pod tym katem, np. biorcow masywnych transfuzji. Wartymi zbadania kwestiami byto
przeanalizowanie czgstosci wystgpowania zaburzen gospodarki wapniowo-magnezowo-
fosforanowej, ich zwiazku z przyczyna hospitalizacji oraz wptywu innych czynnikéw m.in.
przyjmowanych przewlekle lekéw. Waznym elementem badan byta ocena wptywu
nieprawidlowych stezen wapnia, magnezu i1 fosforandbw w surowicy na ryzyko zgonu
pacjentow. Niezwykle istotne bylo tez przebadanie wewnatrzkomorkowego st¢zenia magnezu
w przetaczanych krwinkach czerwonych, ze wzgledu na fakt, Ze to wlasnie stezenie magnezu
w komorkach jest proponowanym przez niektorych badaczy wyznacznikiem stanu wysycenia

organizmu tym sktadnikiem mineralnym. Obserwacje przeprowadzone w réznych grupach
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pacjentdow w ramach 4 badan pozwolily na bardziej kompletng analiz¢ zjawiska, jakim jest
wystepowanie zaburzen gospodarki wapniowo-magnezowo-fosforanowej w  polskiej

populacji.
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4. Zatozenia 1 cel pracy

Zaburzenia gospodarki wapniowo-magnezowo-fosforanowej powoduja powazne
nieprawidlowosci w funkcjonowaniu uktadéw krazenia, nerwowego i oddechowego, a w
konsekwencji stanowia zagrozenie dla zdrowia i zycia pacjentow. Obecny stan wiedzy pozwala
zrozumie¢, dlaczego zaburzenia gospodarki wapniowo-magnezowo-fosforanowej wystepuja
m.in. u pacjentoOw z chorobami nerek, przytarczyc i przewodu pokarmowego oraz umozliwia
ich leczenie. Liczne badania obserwacyjne wskazuja jednak, ze zaburzenia te wystepuja tez w
innych grupach pacjentow. Istnieja tez doniesienia o ich potencjalnym wplywie na $miertelno$¢
szpitalng. Z tego powodu istotna jest ocena czestosci wystepowania tych zaburzen w populacji
szpitalnej, analiza ich przyczyn oraz wpltywu na $miertelno$¢ szpitalng, poniewaz dane w
literaturze naukowej sa w tym temacie bardzo zrdéznicowane. Szczeg6lnie istotnym
zagadnieniem wydaje si¢ by¢ hipermagnezemia, ktoérej czestotliwo$¢ wystepowania na
przestrzeni lat rosnie. Mimo to wcigz pozostaje stabo poznanym zaburzeniem.

Celem pracy jest poszerzenie wiedzy na temat zaburzen homeostazy wapniowo-
magnezowo-fosforanowej. Niezwykle wazne jest dostarczenie wysokiej jakosci danych
dotyczacych czestosci wystgpowania tych zaburzen w populacji szpitalnej, potencjalnych

przyczyn ich wystepowania i ich wplyw na przebieg hospitalizacji i $miertelno$¢ szpitalng.
Celami szczeg6towymi sa:

e okreslenie czgstosci wystgpowania zaburzen wapniowo-magnezowo-fosforanowych w
populacji hospitalizowanych pacjentéw w zaleznosci od przyczyny i skutku
hospitalizacji, choréb wspétistniejacych, przyjmowanych przewlekle lekow, wieku i
ptei;

e ocena wpltywu zaburzen gospodarki wapniowo-magnezowo-fosforanowej na przebieg
hospitalizacji 1 $miertelno§¢ w zalezno$ci od przyczyny hospitalizacji, chordb
wspotistniejacych, wieku i pici;

e zbadanie wewnatrzkomorkowego stezenia magnezu w preparatach krwiopochodnych

oraz wptywu masywnych transfuzji na stezenie magnezu w surowicy

36



5. Material i metody

5.1.

Charakter badania

Analizy wynikow badan laboratoryjnych pacjentow witaczone do cyklu prac

stanowigcych rozprawe doktorska maja charakter retrospektywny i nie sg eksperymentem

badawczym.

Komisja Bioetyczna przy Warszawskim Uniwersytecie Medycznym przyjeta do

wiadomosci projekt badania wykonanego w ramach publikacji Malinowska J, 1 wsp.

,Hypermagnesemia and hyperphosphatemia are highly prevalent in patients with COVID-19

and increase the risk of death” Int J Infect Dis 2022; 122: 543-549, co potwierdza dokument
nr AKBE / 135/2021.

5.2.

Grupa badana

. W pracy pt. ,,Dysmagnesemia Is the Most Common Disturbance of the Calcium—

Magnesium—Phosphorous Balance among Older Hospitalized People in Warsaw” grupg
badana stanowito 66450 pacjentow hospitalizowanych w Centralnym Szpitalu
Klinicznym UCK WUM w Warszawie w okresie od stycznia 2018 roku do wrzesnia
2020 roku. Kryteriami wiaczenia byly wiek minimum 65 lat oraz wykonane przy
przyjeciu do szpitala badanie stezenia wapnia, magnezu lub fosforanéw w surowicy.
Sposrdod pacjentow, u ktorych przebadane byto stg¢zenie wapnia w surowicy wiaczono
do badania tych, ktérzy mieli rowniez ocenione surowicze stezenie albuminy oraz

witaminy D. Braki danych byly jedynym kryterium wytaczenia.

. Do badania opisanego w artykule pt. ,,Hypermagnesemia and hyperphosphatemia are

highly prevalent in patients with COVID-19 and increase the risk of death” wiaczonych
zostalo 146 pacjentow hospitalizowanych w Centralnym Szpitalu Klinicznym UCK
WUM w Warszawie w okresie od kwietnia 2020 roku do maja 2021 roku z powodu
infekcji COVID-19. Zastosowano nastgpujace kryteria wlaczenia: wykonane badanie
stezenia wapnia catkowitego, wapnia zjonizowanego, magnezu, fosforanow lub
witaminy D, kreatyniny w surowicy, eGFR, a takze pH i saturacji krwi oraz
zdiagnozowany COVID-19 za pomocg testu tancuchowej reakcji polimerazy (PCR,
ang. Polymeraze Chain Reaction) w czasie rzeczywistym pobranego z wymazu z nosa
1 gardla z klinicznymi objawami zakazenia. Kryteriami wytaczenia byly braki danych

uniemozliwiajace ustalenie wieku lub stezenia ktoéregokolwiek z badanych parametrow.

. W pracy pt. ,,Massive Transfusion Increases Serum Magnesium Concentration” grupe

badang stanowito 49 pacjentéw hospitalizowanych w Centralnym Szpitalu Klinicznym
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UCK WUM w Warszawie w okresie od listopada 2021 roku do marca 2023 roku, ktorzy
zostali biorcami masywnych transfuzji. Kryteriami wlaczenia byly wykonane
oznaczenia st¢zenia magnezu w surowicy przy przyjeciu do szpitala, 24 godziny i 48
godzin po zabiegu oraz zachowane probki przetoczonych KKCz. Kryteriami
wylaczenia byty braki danych oraz historia wcze$niejszych transfuzji krwi.

4. Do badania opisanego w pracy pt. ,,Disturbances of calcium, magnesium, and
phosphate homeostasis: incidence, probable causes, and outcome” wiaczono 4111
pacjentow hospitalizowanych w Centralnym Szpitalu Klinicznym UCK WUM w
Warszawie w okresie od stycznia 2018 roku do grudnia 2021 roku. Kryteria wiaczenia
byty: (i) zbadane st¢zenie wapnia, magnezu, fosforandw oraz albuminy przy przyjeciu
do szpitala, (ii) dostepne informacje na temat przyczyny oraz efektu hospitalizacji w
szpitalnej bazie danych. Kiedy bylo to mozliwe, informacje na temat przewlektych
choréb oraz stosowanych lekow réwniez byty zbierane i pozniej wlaczane do analizy.

Kryterium wylaczenia byty braki danych.

5.3.  Metoda badania st¢zenia ocenianych parametrow
Zbadano wewnatrzkomodrkowe stg¢zenie magnezu w probkach KKCz wykorzystanych do
przeprowadzenia masywnych transfuzji. Probki KKCz wirowano przez 15 minut przy 1500 x
g. Nastepnie oddzielono ptyn konserwujacy i do pozostatych krwinek czerwonych dodano
bufor do lizy niezawierajacy jonéw Mg** o pH 9,4 w stosunku 1:2. Nastepnie probki wirowano
1 supernatant poddano pomiarowi st¢zenia magnezu. Zmierzono takze catkowite stezenie
magnezu w oddzielonym ptynie konserwujagcym. Wykorzystano w tym celu metode
kolorymetryczng. Zasade metody stanowi pomiar absorbancji produktu reakcji badanego
sktadnika mineralnego z odczynnikiem. Magnez reaguje z biekitem ksylidylowym, co skutkuje
powstaniem purpurowego kompleksu magnezu i soli diazoniowe;.
Stezenie magnezu oznaczono za pomocg analizatora Cobas 702 (Hoffmann-La Roche
AG, Basel, Switzerland). Zakres pomiaru wynosit 0,10-2,0 mmol/l (0,243—4,86 mg/dl), a
precyzja byta wysoka (wspotczynnik zmiennosci (CV) 0,7-1,3%).
Wykorzystane w badaniach dane na temat st¢zen wapnia catkowitego i1 zjonizowanego,
magnezu, fosforanéw, witaminy D, potasu, albuminy, kreatyniny oraz pH, saturacji krwi i

eGFR byly pozyskane ze szpitalnej bazy danych i catkowicie zanonimizowane.

5.4. Analiza statystyczna
Analiza statystyczna byla przeprowadzona za pomoca Microsoft Office Excel 2019,

Statsoft Statistica 13.3, GraphPad Prism 6.0 oraz Python 3.10 (biblioteki: pandas,
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statsmodels.api). W zaleznosci od wielkoSci grupy w badaniach wykorzystano test
Kolmogorowa-Smirnowa lub Shapiro-Wilka do oceny rozktadu zmiennych. Wykorzystano tez
testy: Test t-Studenta, Manna-Whitneya, ANOVA, Chi-kwadrat, korelacje Spearmana, analize

regresji liniowej, analizg regresji logistycznej. Ustalono poziom istotnosci dla wartosci p<0,05.
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6. Podsumowanie 1 wnioski

Wzrost czgstotliwosci wystepowania chordb dietozaleznych na $wiecie sktania badaczy
do zastanowienia si¢ nad zywieniowymi przyczynami pogorszenia stanu zdrowia ludzi. Z
uwagi na fakt, ze magnez petni niezwykle istotng funkcj¢ regulacyjng w organizmie cztowieka,
to wlasnie jego niedobory zaczety by¢ taczone z rozwojem wielu choréb przewlektych m.in.
cukrzycy typu 2. Zaczeto o magnezie pisac jako o ,,zapomnianym” jonie i pojawily si¢ badania
oceniajace wysokos¢ jego spozycia w réznych populacjach, ktore jasno wskazywaly, ze jest
ono niewystarczajace. Nastgpnie zaczeto badaé czgstos¢ wystepowania zaburzen gospodarki
magnezu 1 ich wplyw na stan kliniczny w populacji oséb chorych, w tym pacjentow
hospitalizowanych. W trakcie tych badan dostrzezono tez zalezno$ci, ktore wystepuja migdzy
gospodarka magnezu a gospodarka wapniowo-fosforanowa. Ze wzgledu na brak spdjnosci
wynikéw uzyskiwanych przez réznych badaczy, zagadnienia zwigzane z homeostazg
wapniowo-magnezowo-fosforanowa wymagajg dalszych badan 1 dostarczenia danych
naukowych, ktore pozwola osiagnaé konsensus naukowy dotyczacy tego zagadnienia.

Celem badan przeprowadzonych w ramach niniejszej rozprawy doktorskiej byta ocena
jak czgsto zaburzenia gospodarki wapniowej, magnezowej i fosforanowej wystepuja w
populacji pacjentow hospitalizowanych, zbadanie zaleznos$ci ich wystgpowania od przyczyny
hospitalizacji, choréb przewlektych, przyjmowanych lekow oraz efektu hospitalizacji, a takze
przeanalizowanie mechanizméw ich powstawania. W pracy pt. ,,Dysmagnesemia Is the Most
Common Disturbance of the Calcium-Magnesium-Phosphorous Balance among Older
Hospitalized People in Warsaw” opublikowanej w czasopismie Nutrients, oceniono
czestotliwos$¢ wystepowania zaburzen gospodarki magnezu, wapnia, fosforu i witaminy D oraz
ich zalezno$¢ od wieku 1 ptci w populacji hospitalizowanych pacjentéw w wieku minimum 65
lat. Jest to grupa pacjentow szczegdlnie obcigzona ryzykiem wystgpowania zaburzen
gospodarki mineralnej oraz wodno-elektrolitowej z powodu czestej wielochorobowosci,
polipragmazji oraz niskiej jakosci diety. Stwierdzono, ze nieprawidtowe stezenie magnezu byto
najczesciej wystepujacym zaburzeniem gospodarki wapnia, magnezu i fosforu. Dodatkowo,
czestotliwos$¢ hipermagnezemii byla umiarkowanie wysoka, co jest zgodne z obserwowanym
wzrostem czestotliwos$ci wystepowania tego zaburzenia na przestrzeni ostatnich lat. Jednak
nieprawidlowe stezenia wszystkich z ocenianych parametréw byly znacznie rzadsze niz w
pracach innych badaczy. Moglo to by¢ spowodowane doborem proby badanej, poniewaz celem
naszego badania bylo ocenienie czgstotliwosci wystgpowania zaburzen gospodarki wapnia,

magnezu i fosforu w populacji hospitalizowanych 0sob starszych, a nie tylko wsrdd pacjentow
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z dolegliwo$ciami wplywajacymi bezposrednio na gospodark¢ mineralng 1 wodno-
elektrolitowa. Stwierdzono pozytywna korelacje migdzy wiekiem a st¢zeniem magnezu oraz
negatywna w przypadku stezenia witaminy D, co jest spdjne z obserwacjami innych badaczy.
W przypadku wapnia i fosforu nie byto takich zaleznosci. Natomiast pte¢ miata wptyw na
stezenie prawie wszystkich badanych parametrow, poza fosforem, co byto czg$ciowo spojne z
danymi literaturowymi. Podsumowujac, przedstawione wyniki badan wskazuja na to, ze
zaburzenia gospodarki wapnia, fosforu i szczegodlnie magnezu s3 czeste w populacji
hospitalizowanych pacjentow w wieku 65 lat 1 wigcej, a takze wystepuje istotna zalezno$¢ w
stezeniu magnezu 1 witaminy D od wieku oraz wapnia, magnezu i witaminy D oraz pici.

Praca pt. ,,Hypermagnesemia and hyperphosphatemia are highly prevalent in patients
with COVID-19 and increase the risk of death” opublikowana w czasopi$mie International
Journal of Infectious Diseases przedstawia wyniki oceny wystepowania zaburzen gospodarki
wapnia, magnezu i fosforu, witaminy D w zalezno$ci od wieku, ptci, funkcji nerek, choréb
towarzyszacych i cigzko$ci przebiegu zakazenia SARS-CoV-2 oraz ich wplyw na ryzyko
zgonu pacjentow hospitalizowanych z powodu COVID-19. Badanie byto zainspirowane
doniesieniami o czesto stwierdzanej w tej grupie pacjentdw hipokalcemii oraz pracami
sugerujacymi podawanie magnezu pacjentom w stanie ci¢zkim w celu stymulacji pracy uktadu
odpornosciowego. Najczestszymi stwierdzonymi w badaniu zaburzeniami byly: obnizone
stezenie witaminy D, hiperkalcemia i podwyZszone st¢zenie kreatyniny. Zalezno$¢ od pflci
stwierdzono jedynie w przypadku kreatyniny, ktorej stgzenie bylo czesdciej podwyzszone u
me¢zczyzn po uwzglednieniu zakresOw referencyjnych tego parametru dla obu ptci. Kreatynina
byla tez pozytywnie skorelowana ze stezeniami magnezu i fosforanoéw, ktére byly istotnie
wyzsze u pacjentow ze stezeniem kreatyniny przekraczajagcym 1,5 mg/dl, czyli warto$¢
wskazujaca na nieprawidlowa funkcje nerek. Stgzenia magnezu i fosforanow byly tez istotnie
nizsze u pacjentow z niewydolnoscig nerek w stadium 1 i 2 w porOwnaniu z bardziej
zaawansowanymi stadiami. Zbadano tez rdznice w wystgpowaniu zaburzen badanych
parametrow miedzy pacjentami w zalezno$ci od cigzkosci przebiegu COVID-19. Istotne
roéznice stwierdzono jedynie w przypadku stezenia fosforanéw i kreatyniny, przy czym
hiperfosfatemia wystepowata istotnie czgsciej u pacjentow z innym niz cigzkim przebiegiem
COVID-19. W tej grupie pacjentow cze$ciej tez hospitalizacja konczyta si¢ zgonem. U
pacjentoéw, ktorzy zmarli, czgsciej wystgpowala hipokalcemia (obnizone st¢zenie wapnia
catkowitego oraz zjonizowanego), hipermagnezemia, hiperfosfatemia i podwyzszone stezenie
kreatyniny. Przeanalizowano rowniez wptyw nieprawidtowych stezen badanych parametrow

na ryzyko zgonu pacjentéw wiaczajac do analizy regresji logistycznej dane na temat wieku,
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plci, stgzenia kreatyniny, eGFR oraz chorob towarzyszacych. Jedyne istotne zaleznos$ci
stwierdzono dla hipermagnezemii, ktora zwickszata ryzyko zgonu 1,5-krotnie oraz
hiperfosfatemii zwickszajacej ryzyko zgonu 2,4-krotnie. Podsumowujac, zaburzenia
gospodarki wapnia, magnezu i fosforu, a takze witaminy D byty bardzo czgste wsrod pacjentow
hospitalizowanych z powodu COVID-19. Moglo by¢ to zwigzane z czg¢sto wystgpujacymi w
tej grupie pacjentdéw zaburzeniami pracy nerek. Z uwagi na fakt, Zze hipermagnezemia i
hiperfosfatemia zwigzane sg ze zwigkszonym ryzykiem zgonu, sg to parametry, ktore powinny
by¢ kontrolowane wsrod pacjentéw chorych na COVID-19.

W pracy pt. ,Massive Transfusion Increases Serum Magnesium Concentration”
opublikowanej na tamach Journal of Clinical Medicine, zbadano wplyw masywnych transfuzji
na stezenie magnezu w surowicy. Analizie poddano tez wewnatrzkomérkowe stezenie
magnezu w przetoczonych koncentratach krwinek czerwonych (KKCz). Stwierdzono, ze
stezenie magnezu w surowicy pacjentow wzrosto istotnie w 24 1 48 godzin po masywnej
transfuzji, czegsto osiggajac poziom hipermagnezemii i byto pozytywnie skorelowane z
objetoscia przetoczonego KKCz. Stezenie magnezu bylo tez wyzsze, a hipermagnezemia
czestsza u pacjentow, ktorych hospitalizacja zakonczyta si¢ zgonem. Sposrdd czynnikow, ktore
moglyby wplyna¢ na gospodarke magnezu, tj. obnizona funkcja nerek, wykonany zabieg
operacyjny, leki podawane dozylnie w czasie hospitalizacji, choroby wspotwystepujace,
dializy, istotne statystycznie roznice stwierdzono w przypadku lekéw sedatywnych i
diuretykow. Pacjenci, ktérym podano te leki mieli wyzsze st¢zenie magnezu w surowicy, co
byto spdjne z obserwacjami innych badaczy w przypadku diuretykow. Ponadto stwierdzono
przecietng negatywna korelacje miedzy stezeniem magnezu przed wykonaniem masywnej
transfuzji a eGFR. Jednak nie bylo istotnych statystycznie zalezno$ci mi¢dzy laboratoryjnymi
wyktadnikami funkcji nerek a st¢zeniami magnezu w 24 i 48 godzin po masywnym toczeniu,
ani roznic w $rednim st¢zeniu magnezu na jakimkolwiek etapie hospitalizacji miedzy stadiami
niewydolnosci nerek. Mimo to, Zze masywne toczenie spowodowato u pacjentow wzrost
stezenia magnezu w surowicy, jego wewnatrzkomorkowe stezenie w przetoczonych KKCz
bylo w przypadku 86% zbadanych probek ponizej zakresu wartosci referencyjnych. Nie
stwierdzono tez istotnych korelacji migdzy wewnatrzkomérkowym st¢zeniem magnezu w
KKCz a stgzeniem magnezu w surowicy 24 ani 48 godzin po toczeniu. By¢ moze
nieprawidlowe stezenie magnezu w KKCz bylo kwestia niedoskonatosci opracowanych
wartos$ci referencyjnych dla tego parametru lub byto wynikiem niedoboru magnezu u dawcow
krwi, jednak mogto by¢ tez spowodowane zmianami nastepujacymi pod wptywem produkcji i

przechowywania KKCz. Na ten moment czgstotliwo$¢ wystgpowania nieprawidtowych stezen
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magnezu w KKCz nie jest znana, poniewaz nie jest to jeden z ocenianych parametréw w czasie
kontroli ich jakos$ci. Wzrost stezenia magnezu w surowicy biorcéw po przetoczeniu KKCz
moégt by¢ spowodowany tagodng hemoliza. Pod jej wpltywem z uszkodzonych krwinek
czerwonych uwolnione zostatlyby jony magnezu podwyzszajac jego osoczowe stgzenie.
Lagodna hemoliza jest czgstym niepozadanym skutkiem ogrzewania krwi przed jej toczeniem.
Ma to na celu uniknigcie hipotermii i jest dziataniem bezpiecznym dla pacjenta. W zwigzku z
tym, ze u zadnego z wlaczonych do badania pacjentow nie zaszla ostra reakcja
poprzetoczeniowa, tagodna hemoliza na skutek ogrzania KKCz wydaje si¢ prawdopodobnym
rozwigzaniem. Tlhumaczy ono réwniez fakt podwyzZszenia st¢zenia magnezu w surowicy
biorcow mimo jego obnizonego wewnatrzkomorkowego stezenia w KKCz. Uzyskane w tej
pracy wyniki nie sg spdjne z obserwacjami innych badaczy, ktorzy opisali obnizenie st¢zenia
magnezu w surowicy po transfuzji. Za roznice w uzyskanych wynikach moze jednak
odpowiada¢ dobdr proby badanej, tj. w przypadku niniejszego badania pacjentow w stanie
cigzkim po masywnych transfuzjach. Podsumowujac, masywne transfuzje KKCz istotnie
zwigkszaja stezenie magnezu w surowicy biorcéw. Ponadto stezenie magnezu w surowicy po
masywnych transfuzjach bylo wyzsze, a hipermagnezemia wystgpowala istotnie czgsciej u
pacjentow, ktorzy zmarli. Z tego powodu moze by¢ to parametr wymagajacy monitorowania
w tej grupie chorych. Pomimo czestego wewnatrzkomorkowego niedoboru magnezu w
przebadanych KKCz, jego stezenie nie wplywalo na stgzenie magnezu w plynie
zewnatrzkomorkowym pacjentdw po przetoczeniu Krwi.

W liscie do redakcji o charakterze pracy oryginalnej pt. ,,Disturbances of calcium,
magnesium, and phosphate homeostasis: incidence, probable causes, and outcome”
opublikowanym w czasopismie Clinical Chemistry and Laboratory Medicine przedstawiono
wyniki analizy po$wigconej zaburzeniom gospodarki wapniowo-magnezowo-fosforanowej w
populacji pacjentow hospitalizowanych - czgstosci ich wystepowania, zwigzku z przyczyna
hospitalizacji, chorobami przewlekltymi, przyjmowanymi lekami oraz wptywu na efekt
hospitalizacji. Zaobserwowano, ze najczgsciej wystepujacymi zaburzeniami byly
hiperkalcemia (40,4%) oraz hipomagnezemia (22,1%). Czgstotliwos¢ ta w przypadku
hiperkalcemii odbiegata od opisanej w literaturze naukowej. Stwierdzono istotne statystycznie
zalezno$ci migdzy niektorymi przyczynami hospitalizacji, chorobami przewlektymi,
przyjmowanymi lekami a wysokos$cia stezen wapnia, magnezu i fosforanow w surowicy
pacjentow. Szczegdlnie choroby przytarczyc oraz watroby zarowno jako przyczyny
hospitalizacji, jak 1 choroby towarzyszace wplywaly na surowicze stezenia wszystkich

badanych parametréw. Choroby te byly zwiazane z istotnie podwyzszonym st¢zeniem wapnia
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w surowicy pacjentow. Stezenie magnezu w surowicy byto istotnie podwyzszone u pacjentow
z chorobami przytarczyc oraz obnizone u pacjentdw z chorobami watroby. Zalezno$¢ ta byta
odwrotna dla fosforandw — pacjenci z chorobami przytarczyc mieli istotnie obnizone stezenie
fosforanbw w surowicy, a pacjenci z chorobami watroby istotnie podwyzszone. Wsrod
przyjmowanych przewlekle lekow najwickszy wplyw na gospodarke wapniowo-magnezowo-
fosforanowa zaobserwowano w przypadku spironolaktonu, kwasu ursodeoksycholowego oraz
diuretykéw petlowych. Ponadto pacjenci przyjmujacy wiecej niz jeden lek mieli istotnie
podwyzszone stezenie wapnia i1 fosforandw oraz obnizone stezenie magnezu w surowicy, a
takze czegsciej stwierdzano u nich hiperkalcemie, hiperfosfatemie i hipomagnezemig. Nie
wiadomo jednak, czy polipragmazja byla przyczyna czy efektem wystepowania zaburzen
gospodarki  wapniowo-magnezowo-fosforanowej.  Przeanalizowano rowniez wplyw
przyjmowanych suplementow i stwierdzono brak zwigzku miedzy stosowaniem preparatow
magnezu a stezeniem magnezu w surowicy. Celem poglebienia badania zwiazkow miedzy
stezeniami wapnia, magnezu i fosforanow w surowicy a zmiennymi przeprowadzono analize¢
regresji liniowej. Zawezita ona znaczaco liste czynnikow istotnie wptywajacych na stezenia
wapnia, magnezu oraz fosforanow w surowicy. Na jej podstawie stwierdzono, ze stezenie
wapnia w surowicy jest pozytywnie skorelowane z efektem hospitalizacji i chorobami watroby
oraz negatywnie z planowanym przyjeciem do szpitala i suplementacjg wapnia. Sg to wyniki
tylko cze$ciowo zgodne z danymi literaturowymi oraz zaskakujace w konteks$cie braku wpltywu
chordéb przytarczyc. Stezenie magnezu w surowicy bylo pozytywnie skorelowane z efektem
hospitalizacji 1 chorobami nerek oraz negatywnie skorelowane z wystgpowaniem cukrzycy,
chorobami watroby 1 drog zoélciowych, przyjmowaniem lekéw immunosupresyjnych i
suplementacja potasu. Sposrdéd tych wynikow uwage zwraca jedynie suplementacja potasu.
Zaobserwowany zwigzek moze wynikaé z tego, ze preparaty potasu sg czesto stosowane przez
chorych na nadcisnienie tetnicze, chorobe zwigzang z wystepowaniem niedoboroéw magnezu.
Z drugiej strony w analizie nie stwierdzono zwigzku miedzy wysokoscig stezenia magnezu w
surowicy a nadci$nieniem tetniczym, co jest pewnym zaskoczeniem. W przypadku stezenia
fosforan6w w surowicy stwierdzono pozytywna korelacje z wystepowaniem choréb nerek jako
przyczyny hospitalizacji, przewlektej choroby nerek jako choroby towarzyszacej,
suplementacji magnezu 1 wapnia, przyjmowania kwasu ursodeoksycholowego 1 efektu
hospitalizacji oraz negatywna korelacje z wiekiem pacjentow. Jedynie obserwacje wptywu
chorob nerek na stezenie fosforanow w surowicy oraz zwigzek z efektem hospitalizacji
znajduja potwierdzenie w doniesieniach innych badaczy. By¢ moze pozostate obserwacje

powinny by¢ blizej zbadane. Nieprawidlowe stezenia wapnia, magnezu i fosforanéw w
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surowicy zwiekszaty ryzyko zgonu pacjentéw. Ryzyko bylo wyzsze dla warto$ci powyzej

gornej granicy zakresu referencyjnego, np. rosto 5-krotnie dla hiperkalcemii, prawie 5-krotnie

dla hipermagnezemii i 3,5-krotnie dla hiperfosfatemii, co jest zgodne z obserwacjami innych

badaczy. Podsumowujac, w niniejszej analizie stwierdzono wiele czynnikow o istotnym

wplywie na gospodarke wapniowo-magnezowo-fosforanowa. Z uwagi na fakt, ze zaburzenia

stezen wapnia, magnezu i fosforandbw w surowicy zwigzane sg ze zwigkszonym ryzykiem

zgonu pacjentow, korzystne wydaje si¢ bardziej zindywidualizowane podejscie do analizy

szansy ich wystgpienia.

Przedstawione wyniki sg podstawa dla ponizszych wnioskow:

1.

Zaburzenia gospodarki wapnia, magnezu i fosforanow sg bardzo cz¢ste w populacji
pacjentow hospitalizowanych i zwigkszaja ryzyko zgonu, niezaleznie od funkcji nerek.
Nieprawidlowe stezenia wapnia, magnezu i fosforanoéw moga wystapi¢ pod wptywem
wielu réznych czynnikéw, niekoniecznie zwigzanych z zaburzeniami gospodarki
mineralnej, dlatego powinny by¢ rutynowo kontrolowane u pacjentow
hospitalizowanych.

Surowicze st¢zenie magnezu jest parametrem o duzej przydatno$ci klinicznej, ktory
moze shuzy¢ monitorowaniu stanu pacjenta.

Hipermagnezemia jest czgstszym, niZz przypuszczano, 1 zagrazajacym zyciu
zaburzeniem elektrolitowym, ktére moze by¢ spowodowane masywng transfuz;ja.
Jednym z powiktan masywnych transfuzji koncentratu krwinek czerwonych moze by¢
hipermagnezemia, dlatego ocena osoczowego stezenia magnezu u pacjentow po
transfuzjach powinna by¢ wlaczona do panelu laboratoryjnego stuzacego

monitorowaniu ich stanu po zabiegu.
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Abstract: The elderly are at great risk of developing life-threatening disturbances in calcium—
magnesium—phosphate homeostasis because of comorbidities, long-term medication use, and dietary
deficiencies, but it is still not known how often they occur in this group of patients. This study aimed
to assess the prevalence of these disturbances in a group of hospitalized patients over 65 years of
age according to age and sex. The study was conducted between January 2018 and September 2020
at the Central Clinical Hospital in Warsaw. A total of 66,450 calcium, magnesium, phosphate, and
vitamin D concentration results were included in the analysis. Dysmagnesemia was present in 33%
of the calcium results, dyscalcemia, dysphosphatemia, and dysvitaminosis D—in 23.5%, 26%, and
70% of the results, respectively. The magnesium concentration was found to be age-dependent, and
older people were found to be at higher risk of developing abnormal magnesium concentrations
(p < 0.001). Sex influenced the occurrence of abnormal magnesium (p < 0.001), vitamin D (p < 0.001),
and calcium (p < 0.00001) concentrations, with hypercalcemia and hypervitaminosis D disorders
being significantly more common in women (p < 0.0001). In conclusion, disorders of the calcium-—
magnesium-phosphate metabolism are common in hospitalized patients over 65 years of age, and
the concentrations of these substances should be routinely monitored in this group.

Keywords: calcium; elderly; magnesium; phosphorous; vitamin D3

1. Introduction

With the increasing life expectancy and the demographic changes seen in Europe, the
elderly are expected to comprise an increasing proportion of the population [1]. In 2018,
people over 65 accounted for 19.7% of Europe’s population. According to the Eurostat
projections for 2050, 28.5% of Europe’s population will be over 65 [2]. As a result, there
will be an increase in the number of patients suffering from illnesses that are typical of old
age [3].

Age over 65 is associated with an increased incidence of certain health problems. They
include abnormal serum calcium, magnesium, and phosphate concentrations, which are
common in hospitalized patients and are associated with an increased risk of death [4].
Factors predisposing to their occurrence include age, malnutrition, diabetes, chronic kidney
disease, and the use of diuretics [5]. Although the prevalence of disturbances in calcium-
magnesium—phosphate homeostasis in people over 65 is not yet well-documented, they
play a role in the pathogenesis of other diseases such as cardiovascular disease [6-8], type
2 diabetes [6,9], osteoporosis [10,11], frailty syndrome [3], and sarcopenia [12], which
often affect people of this age. An additional factor that influences calcium-magnesium-—
phosphate homeostasis and bone health is the concentration of vitamin D. Older people
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are more prone to deficiency of this vitamin because its dermal synthesis is reduced. This
is because of less frequent exposure to sunlight and a decreased amount of vitamin D
precursors in the skin. In addition, the diets of older people are often less varied and poorer
in natural sources of vitamin D [13].

This study aimed to assess the prevalence of disturbances in calcium-magnesium—
phosphate homeostasis in hospitalized people over 65 years of age due to their serious
health consequences and involvement in the pathogenesis of diseases that commonly affect
older adults.

2. Materials and Methods

A retrospective analysis of serum calcium, magnesium, phosphate, and vitamin D
concentrations was performed among the patients hospitalized at the Central Clinical
Hospital of the Medical University of Warsaw between January 2018 and September 2020.
A total of 73,539 results of patients aged 65 years and over were included in the study.
Final analysis was performed using laboratory results from 66,450 hospitalized patients
obtained from the laboratory information system (Figure 1). All the included values were
obtained only at the beginning of hospitalization to avoid the negative impact of repeated
measurements on the obtained results. This population-based study includes only raw
laboratory data without any relationship to the clinic. The patients were hospitalized at the
Departments of Diabetology, Cardiology, General Surgery, Endocrinology, Hematology and
Oncology, Nephrology, Laryngology, Intensive Care, Gastroenterology Surgery, Vascular
Surgery, Hepatic Surgery, Neurosurgery, Cardiac Surgery, Hypertensiology and Internal
Medicine, Gastroenterology, Pneumology, Nephrology and Dialysis, and Hepatology
(Table 1). The criteria for inclusion in the study were age 65 years or over and a performed
serum calcium, albumin, magnesium, phosphate, or vitamin D test. Among the patients
who had their serum calcium levels measured, we chose those who also had their albumin
and vitamin D levels tested. We estimate that 29.5% of the patients had conditions that
may have affected the results: diabetes, primary and secondary hyperparathyroidism, and
chronic kidney disease. In addition, we estimate that 12.5% of the patients took drugs
that may have affected the state of their calcium-magnesium—phosphate homeostasis and
serum vitamin D concentrations. These drugs include diuretics, cyclosporine, tacrolimus,
and platinum derivatives. The study group selection is shown in the diagram below. The
extracted results were obtained within 24 h from admitting the patient.

Calcium, magnesium, phosphate, and vitamin D concentrations were tested upon
admission. Peripheral blood was collected by venipuncture into tubes containing a clotting
accelerator and allowed to clot for 30 min. The tubes were then centrifuged for 10 min at
1500 x g. Total magnesium, calcium, and phosphates in serum were measured using the
colorimetric method. The principle of the method consists in measuring the absorbance
of the reaction product of the mineral with the working agent. Magnesium reacts with
xylidyl blue, resulting in a violet diazonium salt; meanwhile, calcium reacts with Arsenazo
I, which results in the creation of a blue complex, and phosphates react with ammonium
molybdate, forming colored phosphomolybdate complexes. The absorbance of the reaction
product is directly proportional to the serum concentration of the mineral. We defined
reference values for magnesium based on data from our previous study [14]. Vitamin D
concentrations were measured using the Roche Cobas assay, in which polyclonal antibodies
bind specifically to human 25(OH)D during incubation. Then, the reaction mixture is trans-
ferred to the measurement chamber, where microparticles are attracted to the electrode
surface by a magnet. The voltage applied to the electrode induces the electrochemilumines-
cence reaction and photon emission, which is measured with the help of a photomultiplier.
The measurement range was 3-100 ng/mL (7.5-250 nmol /L), with intermediate precision
(coefficient of variation (CV) < 20%). The accuracy for the lower boundary of 25(OH)D was
1.08 ng/mL, with a CV of 7.7%; for the upper boundary—1.3 ng/mL, with a CV of 4.03%.
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4,107 total
calciumresults
(6.18%)

A total of 73,539 results of Mg, Ca, P
and vit. D3 from patients aged 265
years obtained within 24hours from
admission

7089 results excluded:
Repeated measurements

66,450 results eligible

for the study
31,680 magnesium 22,707 phosphates 7,959 vitamin D3
results results results
(47.67%) (34.17%) (11.98%)

Figure 1. Enrolment scheme—study group selection. Mg, magnesium; Ca, calcium; P, phosphates; vit. D3, vitamin D3.

Table 1. Percentage of patients from individual hospital departments.

Departments Percentage of Patients (%)
Diabetology 6.10
Cardiology 5.20
General Surgery 2.92
Endocrinology 4.59
Hematology and Oncology 21.12
Nephrology 4.65
Neurology 4.65
Laryngology 1.20
Intensive Care 4.00
Gastroenterological Surgery 7.53
Vascular Surgery 3.59
Hepatic Surgery 7.13
Neurosurgery 2.05
Cardiosurgery 1.31
Hypertensiology and Internal Medicine 3.36
Gastroenterology 511
Pneumonology 2.73
Nephrology and Dialysis 5.43
Hepatology 7.34

The analyzers used to take measurements were Cobas 702 (Hoffmann-La Roche AG,
Basel, Switzerland), Cobas 8000 (Hoffmann-La Roche AG, Basel, Switzerland), Dimension
1 (Siemens Healthineers Germany), and Dimension 2 (Siemens Healthineers Germany).
For calcium measured with the Dimension 1 and 2 analyzers, the measurement range was
5.0-15.0 mg/dl (1.25-3.75 mmol/L), and the precision was high (coefficient of variation
(CV) of 4.9-5%). For magnesium measured with the Dimension 1 and 2 analyzers, the
measurement range was 0.0-20.0 mg/dl (0.0-8.22 mmol/L), and the precision was high
(coefficient of variation (CV) of 1.7-1.9%). For magnesium measured with Cobas 702, the
measurement range was 0.10-2.0 mmol/L (0.243-4.86 mg/dL), and the precision was high
(coefficient of variation (CV) of 0.7-1.3%). For phosphates measured with the Dimension 1
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and 2 analyzers, the measurement range was 0.5-9.0 mg/dl (0.16-2.91 mmol/L), and the
precision was high (coefficient of variation (CV) of 1.3-2.7%).

In this study, we analyzed serum magnesium, calcium, phosphate, and vitamin D
concentrations, age, and sex. Since being elderly is a risk factor for hypoalbuminemia, for
those subjects who had decreased albumin concentration, we calculated a corrected calcium
concentration using the following equation: Ca corrected = Ca + 0.02 x (40 — Alb), where
Ca is the total calcium in mmol/1 and Alb is albumin (g/L). The research was conducted
according to the rules of the Bioethical Committee of the Medical University of Warsaw,
and all the data were anonymized.

Statistical analysis was performed using Microsoft Office Excel 2019 and Statsoft
Statistica. The tests used were the Mann-Whitney U test (effect of sex and age on serum
calcium, magnesium, phosphate, and vitamin D concentrations), the Kruskal-Wallis test
(the difference in the mean mineral concentration between the three groups and the differ-
ence between the age groups), Mood’s median test (difference in the median vitamin D
concentration between the three groups), and Fisher’s exact test to analyze the frequency
of dyscalcemia and dysvitaminosis D for each sex. A nonparametric Spearman correlation
was used to assess the correlation of age with serum calcium, magnesium, phosphate, and
vitamin D concentrations. The Shapiro-Wilk and Kolmogorov-Smirnov tests were used to
assess the normality of the distribution of the results. We considered a p-value < 0.05 as
statistically significant.

3. Results

Calcium, magnesium, phosphate, and vitamin D test results of hospitalized patients
aged 65 years and over were included in the study. For the basic information on the patients
and the test results, see Table 2.

Table 2. Basic information regarding the study group.

Calcium Magnesium Phosphates Vitamin D
Number of patients 4107 31,680 22,707 7956
Sex 40% male 52% male 52% male 37% male
Age (yea;))’ mean 74.76 £ 7.6 75.0 + 7.68 75+ 7.4 744 £7.9
Mean
. 2.4 + 0.2 mmol/L 0.82 + 0.14 mmol/L 1.19 £ 0.4 mmol/L 33 +23.5ng/ml
Concentration + SD
Median 2.39 mmol/L 0.82 mmol/L 1.125 mmol/L 28.2 ng/ml
Minimum-maximum 1.56-4.33 mmol/L 0.14-3.14 mmol/L 0.11-6.04 mmol/L 3.03-149.54 ng/ml
Hypoconcentration 18.5% 26% 11% 54%
Hyperconcentration 5% 7% 15% 16%
3.1. Calcium

The serum calcium concentration was tested in 4107 patients, among whom 1225 patients
had hypoalbuminemia. In these cases, we calculated the corrected calcium concentration.
Among these patients, there were 1643 (40%) men and 2464 (60%) women. The mean calcium
concentration was 2.4 & 0.2 mmol/L. Hypocalcemia (calcium < 2.25 mmol/L) was found in
760 patients (18.5%), of which 334 (44%) were men and 426 (56%) were women. The mean
calcium concentration in the hypocalcemia group was 2.13 & 0.12 mmol/L. Normocalcemia
(calcium concentration of 2.25-2.75 mmol /L) was found in 3142 subjects (76.5%), among whom
1241 (39.5%) were men and 1901 (60.5%) were women. The patients with normocalcemia had
a mean calcium concentration of 2.43 £ 0.11 mmol/L.

Hypercalcemia (calcium concentration > 2.75 mmol/L) was found in 205 patients (5%),
of whom 59 (29%) were men and 146 (71%) were women (p < 0.0001). The mean calcium
concentration in the hypercalcemia group was 2.95 & 0.21 mmol/L.

The difference between the median calcium concentrations in the three groups was
statistically significant (p < 0.05) (Kruskal-Wallis test). The difference in the calcium concen-
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tration between the sexes was statistically significant in the total study group (p < 0.00001)
and in the normocalcemia (p < 0.00001) and hypocalcemia (p < 0.0001) groups but not in
the hypercalcemia group, p = 0.55 (Mann—-Whitney U test) (Figure 2).
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= p <0.0001
Eas 237 1 2.41 243
= 218 2.16
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Total Hypocalcemia Normocalcemia Hypercalcemia
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Figure 2. Difference in the median calcium (Ca) concentration between sexes in the total patient and hypo-, normo-, and
hypercalcemia groups.

The correlation of age with serum calcium concentration was statistically signifi-
cant but very weak (p < 0.001, r = —0.05). The median age differed statistically signifi-
cantly between the hypo- and normocalcemia groups (p < 0.05) but not between the hypo-
and hypercalcemia groups (p = 0.4) nor between the normo- and hypercalcemia groups
(p = 1, Kruskal-Wallis test). Additionally, there was a statistically significant difference in
the median calcium concentrations between the age groups (p < 0.05) (Table 3).

Table 3. Comparison of the median calcium concentrations between the age groups (Kruskal-

Wallis test).
Median Calcium Concentration p
Age group, 64-74 2.400 0.05
Age group, 75-84 2.379 <0
Age group, 65-74 2.400 03
Age group, 85-94 2.390 ’
Age group, 65-74 2.400 1
Age group, >95 2.420
Age group, 75-84 2.379 1
Age group, 85-94 2.390
Age group, 75-84 2.379 1
Age group, >95 2.420
Age group, 85-94 2.390 1
Age group, >95 2.420

3.2. Magnesium

The serum magnesium concentration was tested in 31,680 patients, among whom
16,474 (52%) were men and 15,206 (48%) were women. The mean magnesium concentration
was 0.82 &= 0.14 mmol/L. Hypomagnesemia (magnesium concentration < 0.75 mmol /L)
was found in 8237 subjects (26%), of whom 4036 (49%) were men and 4201 (51%) were
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women. The mean magnesium concentration in the hypomagnesemia group was
0.66 & 0.07 mmol/L. Normomagnesemia (magnesium concentration of 0.75-1.0 mmol /L)
was found in 21,225 subjects (67%), among whom 11,037 (52%) were men and 10,188 (48%)
were women. The patients with normomagnesemia had a mean magnesium concentration
of 0.85 £ 0.06 mmol/L. Hypermagnesemia (magnesium concentration > 1.0 mmol/L) was
found in 2218 subjects (7%), of whom 1264 (57%) were men and 954 (43%) were women. The
mean magnesium concentration in the hypermagnesemia group was 1.13 £ 0.15 mmol /L.
The median magnesium concentration differed significantly between the hypo-, normo-,
and hypermagnesemia groups (p < 0.05, Kruskal-Wallis test). There was a statistically
significant difference in magnesium concentration between sexes among the total patient
(p < 0.0000001) and the hypo-, hyper-, and normomagnesemia groups (p < 0.0001, p < 0.05,
and p < 0.0001 (Mann-Whitney U test), respectively) (Figure 3).
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Figure 3. Median magnesium (Mg) concentration difference between sexes in the total patient and hypo-, normo-, and

hypermagnesemia groups.

The correlation between age and the serum magnesium concentration was statistically
significant, but very weak (p < 0.05, r = 0.012). However, the median age differed statistically
significantly between the hypo-, normo-, and hypermagnesemia groups (p < 0.001), but
there were no significant differences in the median magnesium concentration between the
age groups (p = 0.07, Kruskal-Wallis test).

3.3. Phosphates

The phosphate concentration was tested in 22,707 patients, among whom 11,808
(52%) were men and 10,899 (48%) were women. The mean phosphate concentration
was 1.19 £ 0.4 mmol/L. Hypophosphatemia (phosphate concentration < 0.8 mmol/L)
was found in 2498 (11%) subjects, of whom 1399 (56%) were men and 1099 (44%) were
women. The patients with hypophosphatemia had a mean phosphate concentration of
0.66 & 0.12 mmol/L. Normophosphatemia (phosphate concentration of 0.8-1.5 mmol /L)
was found in 16,803 (74%) patients, among whom 8738 (52%) were men and 8065 (48%)
were women. The mean phosphate concentration in the normophosphatemia group was
1.12 £+ 0.2 mmol /L.

Hyperphosphatemia (phosphate concentration > 1.5 mmol/L) was found in 3406
(15%) subjects, of whom 1839 (54%) were men and 1567 (46%) were women. The patients
with hyperphosphatemia had a mean phosphate concentration of 1.9 & 0.4 mmol/L.
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The median phosphate concentration differed significantly between the three groups
(p < 0.05, Kruskal-Wallis test).

There was a statistically significant difference in phosphate concentration between sexes
in both the total patient (p < 0.0000001) and normophosphatemia groups (p < 0.0000001) but
not in the hypophosphatemia (p = 0.39) or hyperphosphatemia groups (p = 0.61, Mann-

Whitney U test) (Figure 4).
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Figure 4. Median phosphate (P) concentration difference between sexes in the total patient and hypo-, normo-, and
hyperphosphatemia groups.

The correlation between age and serum phosphate concentration was statistically
significant, but very weak (p < 0.05, r = 0.02). However, the median age differed significantly
between the hypo-, normo-, and hypermagnesemia groups (p < 0.0001). Furthermore, there
were some statistically significant differences in the median phosphate concentrations
between the age groups (p < 0.05) (Table 4).

Table 4. Comparison of the median phosphate concentration between the age groups (Kruskal-

Wallis test).
Median Phosphate Concentration p
Age group, 64-74 1.18 )
Age group, 75-84 1.19
Age group, 65-74 1.18
Age group, 85-94 1.2 <0.05
Age group, 65-74 1.18 1
Age group, >95 1.2
Age group, 75-84 1.19
Age group, 85-94 1.2 <0.05
Age group, 75-84 1.19 )
Age group, >95 12
Age group, 85-94 1.2 1

Age group, >95 1.2
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3.4. Vitamin D

Vitamin D concentration was tested in 7956 patients, among whom 2944 (37%) were
men and 5012 (63%) were women. The mean vitamin D concentration was 33 &+ 23.5 ng/mL.
In accordance with the variable cutoff values for the lower normal limit, analysis was per-
formed in three different settings, where 30-50 ng/mL, 20-50 ng/mL, and 10-50 ng/mL
were taken as reference values, respectively.

3.5. Reference Values of 30-50 ng/mL

Hypovitaminosis D (25(OH)D3 concentration < 30 ng/mL) was found in 4296 (54%)
subjects, of whom 1933 (45%) were men and 2363 (55%) were women. The patients with
hypovitaminosis D had a mean vitamin D concentration of 18.1 &+ 7.14 ng/mL. Nor-
movitaminosis D (25(OH)D3 concentration of 30-50 ng/mL) was found in 2387 (30%)
patients, among whom 716 (30%) were men and 1671 (70%) were women. The mean
vitamin D concentration in the group with the normal vitamin D concentration was
38.1 = 5.6 ng/mL. Hypervitaminosis D (25(OH)D3 concentration > 50 ng/mL) was
found in 1273 (16%) subjects, of whom 318 (25%) were men and 955 (75%) were women.
Normo- and hypervitaminosis D were significantly more frequent in women than in men
(p < 0.0001). The patients with hypervitaminosis D had a mean vitamin D concentration of
72.7 £ 28.5 ng/mL. The median vitamin D concentration differed significantly between
the three groups (p < 0.0001, Mood’s median test). There was a statistically significant dif-
ference in vitamin D concentration between sexes among both the total patient (p < 0.001)
and the hypo-, hyper-, and normovitaminosis D groups (p < 0.000001, p < 0.05, p < 0.0001
(Mann-Whitney U test), respectively) (Figure 5).

p <0.05
65.42 63.48
p <0.0001
p <0.001
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p< 0 000001
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Figure 5. Median vitamin D (25(OH)D3) concentration difference between sexes in the total patient and hypo-, normo-, and

hypervitaminosis D groups with the reference values of 30-50 ng/mL.

3.6. Reference Values of 20-50 ng/mL

Hypovitaminosis D (25(OH)D3 concentration < 20 ng/mL) was found in 2387 (30%)
subjects, of whom 1146 (48%) were men and 1241 (52%) were women. The patients with
hypovitaminosis D had a mean vitamin D concentration of 12.75 4 4.36 ng/mL.

Normovitaminosis D (25(OH)D3 concentration of 20-50 ng/mL) was found in 4296
(54%) patients, among whom 1504 (35%) were men and 2792 (65%) were women. The



Nutrients 2021, 13, 3395

9o0f 16

70

60

50

40

30

20

Median 25(OH)D3 concentration (ng/mL)
o

mean vitamin D concentration in the group with normal vitamin D concentration was
31.2 & 8 ng/mL.

Hypervitaminosis D (25(OH)D3 concentration > 50 ng/mL) was found in 1273 (16%)
subjects, of whom 318 (25%) were men and 955 (75%) were women. Normo- and hypervita-
minosis D were significantly more frequent in women than in men (p < 0.0001). The patients
with hypervitaminosis D had a mean vitamin D concentration of 72.7 &+ 28.5 ng/mL.

The median vitamin D concentration differed significantly between the three groups
(p <0.0001, Mood’s median test).

There was a statistically significant difference in vitamin D concentration between
sexes among the total patient (p < 0.001) and the hyper- and normovitaminosis D groups
(p < 0.05, p < 0.0000001, respectively), but not in the hypovitaminosis D group (p = 0.09,
Mann-Whitney U test) (Figure 6).
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Figure 6. Median vitamin D (25(OH)D3) concentration difference between sexes in the total patient and hypo-, normo-, and
hypervitaminosis D groups with the reference values of 20-50 ng/mL.

3.7. Reference Values of 10-50 ng/mL

Hypovitaminosis D (25(OH)D3 concentration < 10 ng/mL) was found in 716 (9%)
subjects, of whom 329 (46%) were men and 387 (54%) were women. The patients with
hypovitaminosis D had a mean vitamin D concentration of 7.3 + 1.8 ng/mL. Normovita-
minosis D (25(OH)D3 concentration of 10-50 ng/mL) was found in 5967 (75%) patients,
among whom 2327 (39%) were men and 3640 (61%) were women. The mean vitamin D con-
centration in the group with the normal vitamin D concentration was 27.4 + 10.4 ng/mL.

Hypervitaminosis D (25(OH)D3 concentration > 50 ng/mL) was found in 1273 (16%)
subjects, of whom 318 (25%) were men and 955 (75%) were women. Normo- and hypervita-
minosis D were significantly more frequent in women than in men (p < 0.0001). The patients
with hypervitaminosis D had a mean vitamin D concentration of 72.7 &= 28.5 ng/mL. The
median vitamin D concentration differed significantly between the three groups (p < 0.0001,
Mood’s median test). There was a statistically significant difference in vitamin D concen-
tration between sexes among the total patient (p < 0.001) and hypo-, hyper-, and normovi-
taminosis D groups (p < 0.001, p < 0.05, p < 0.001 (Mann-Whitney U test), respectively)
(Figure 7).
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Figure 7. Median vitamin D (25(OH)D3) concentration difference between sexes in the total patient and hypo-, normo-, and

hypervitaminosis D groups with the reference values of 10-50 ng/mL.

The correlation between age and the serum vitamin D concentration was statistically
significant, but very weak (p < 0.05, r = —0.03). The median age difference between the
hypo-, normo-, and hypervitaminosis D groups depended on the adopted reference values.
There was no statistically significant difference when the reference values of 30-50 ng/mL
were adopted (p = 0.35). However, there were statistically significant differences between
all the groups (p < 0.05) when the reference values of 20-50 ng/mL were used as well as
when the reference values of 10-50 ng/mL were adopted (p < 0.0001, Kruskal-Wallis test).
Additionally, there were some statistically significant differences in the median vitamin D
concentrations between the age groups (p < 0.00001) (Table 5).

3.8. Vitamin D and Calcium

Both vitamin D and calcium concentrations were tested in 4107 patients, among whom
1643 (40%) were men and 2464 (60%) were women. The mean vitamin D concentration was
31 4+ 20.3 ng/mL, and the mean calcium concentration was 2.4 4= 0.21 mmol/L. There was
no statistically significant correlation between the serum vitamin D and calcium concentra-
tion (p = 0.15, r = 0.02). Furthermore, there was no statistically significant difference in the
median vitamin D concentration between the hypo-, normo-, and hypercalcemia groups
(p = 0.27), and neither did the median calcium concentration differ between the hypo-,
normo-, and hypervitaminosis D groups, independent of the adopted reference values of
30-50 ng/mL, 20-50 ng/mL, or 10-50 ng/mL (p = 0.38, p = 0.22, p = 0.15 (Kruskal-Wallis
test), respectively).
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Table 5. Comparison of the median vitamin D concentration between the age groups (Kruskal-
Wallis test).

Median Vitamin D Concentration p

Age group, 64-74 329 04
Age group, 75-84 34.0 .
Age group, 65-74 32.9
Age group, 85-94 31.0 <0.00001
Age group, 65-74 329

Age group, >95 224 <0.00001
Age group, 75-84 34.0

Age group, 85-94 31.0 <0.000001
Age group, 75-84 34.0

Age group, >95 224 <0.00001
Age group, 85-94 31.0

Age group, >95 22.4 <0.001

4. Discussion

Calcium—magnesium-phosphate homeostasis disorders are still an incompletely stud-
ied phenomenon, and the results regarding their prevalence are not consistent. In our study;
dyscalcemia was found in 23.5% of the serum calcium test results, dysmagnesemia—in 33%
of the serum magnesium test results, dysphosphatemia—in 26% of the serum phosphate
test results, and dysvitaminosis D (depending on the adopted reference values)—in 70%
(30-50 ng/mL), 46% (20-50 ng/mL), or 25% (10-50 ng/mL) of the serum vitamin D test
results. These values are lower than those reported by other authors [15-22]. This may be
caused by the fact that we analyzed the general population of hospitalized patients instead
of selecting those with calcium, magnesium, or phosphate homeostasis disturbances as a
primary cause of hospitalization. We need to underline that in the enrolled study group,
there were people who were hospitalized due to different causes; some of them could
influence the calcium-magnesium—phosphorus balance; however, the participation of
patients from particular departments was equal (only the Hematology Department and
the Oncology Department constituted 20% of the enrolled subjects). Nevertheless, since
even mild abnormalities of calcium, magnesium, phosphates, and vitamin D have negative
health effects and may increase the risk of death, these findings are alarming [4].

In our study, hypocalcemia was present in 18.5% of the patients undergoing serum
calcium testing. The reported prevalence of hypocalcemia is higher and ranges from
30% to 85% of patients, depending on the study group [16,17,23,24]. The disorder is
most commonly seen in the intensive care unit, and the elderly are at greater risk of its
development, but only 4% of our patients were from this department, which may explain
the lower percentage of patients with this disorder in our study [15,16].

Hypercalcemia was found in 5% of the patients undergoing serum calcium testing,
which is in line with the literature data [24]. However, in our study, hypercalcemia was
significantly more common in women (p < 0.0001). This may be explained by the fact
that primary hyperparathyroidism is most commonly found in postmenopausal women,
which in turn is the main cause of hypercalcemia [25]. This condition can also be caused by
medications, granulomatous disorders, and cancer [26]. Another possibility is the influence
of hypervitaminosis D, which was significantly more frequent in women in our study
group (p < 0.0001), which is also in line with the results of Dudenkov et al. [27].

Interestingly, we did not find any statistically significant correlation between calcium
and vitamin D concentrations, whereas the literature describes the phenomenon of a more
frequent occurrence of hypocalcemia in persons with abnormal vitamin D concentrations
as vitamin D influences the gut absorption of calcium [28,29]. This may be due to the
fact that reduced intestinal absorption may be masked by the release of calcium from the
skeleton and thus not affect serum calcium levels for a long time.
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The results for vitamin D deficiency in the study group depend on the cutoff point
used. When the optimal vitamin D concentration cutoff point is 30 ng/mL, as many
scientists have proposed, 54% of the study group is vitamin D-deficient [30]. This result
is consistent with those obtained by Shea et al. [31]. However, some authors report a
much higher prevalence of hypovitaminosis D, even at 93.8% of elderly patients [22]. The
discrepancy in the results (54% vs. 93.8%) may be due to the selection of the study group.

On the other hand, if lower cutoff points are taken, hypovitaminosis D affects 30%
of the group when 20 ng/mL and above is considered normal and 9% of the group when
10 ng/mL is considered normal. Some authors suggest that lower vitamin D concentrations
are sufficient because higher scores do not improve patient’s health [32]. The prevalence of
vitamin D deficiency in only 30% of the study group is much lower than that estimated by
the Endocrine Society, which places the prevalence of vitamin D deficiency at 80-100% of
older people in Europe and the United States [33]. Our result of 9% of patients with vitamin
D levels below 10 ng/mL is similar to the values described by the European Calcified
Tissue Society [34].

The prevalence of hypervitaminosis D found in our study was not significantly higher
than that reported by Dudenkov et al., 16% vs. 9.3% [27]. Hypervitaminosis D is uncommon
given the consumption of natural sources of this vitamin, as well as its synthesis through
sunlight exposure. Therefore, such a high percentage of hypervitaminosis D cases may
probably have been caused by excessive intake of this vitamin by patients in the form of
dietary supplements, which is sometimes caused by poor manufacturing practices [35,36].

In our study, the prevalence of hypomagnesemia was similar to the results of Cheung-
pasitporn et al., 26% vs. 20.2% [21]. Hypomagnesemia is very unfavorable in hospitalized
patients because it increases the risk of in-hospital death, sepsis, the need for mechanical
ventilation, and prolonged hospital stay [37]. Hypomagnesemia is caused by a number of
factors, including vomiting, diarrhea, chronic parenteral fluid therapy, hypercalcemia, and
medications [38]. Hypomagnesemia is more common in the elderly not only because of the
medications they take, but also because of a deficient diet [39].

The prevalence of hypermagnesemia found in this study is similar to the values
described by other investigators, 7% vs. 12% [21]. Although hypermagnesemia is still
described as a rare phenomenon in people without renal failure [40], this condition is more
common in elderly patients, especially those burdened with severe comorbidities, so its
prevalence may have been relatively high in the group of hospitalized patients older than
65 years [18].

The prevalence of hypophosphatemia among hospitalized patients reported in the
literature is between 20% and 40% [41]. The results obtained in our study are lower: 11%.
Hypophosphatemia is particularly common in patients with certain medical conditions,
such as ketoacidosis, sepsis, and after heart and liver surgery [42]. Since data on the reason
for patients” hospitalization were not included in the analysis, we cannot address whether
the study group had a particularly small number of patients with such conditions. On the
other hand, hypophosphatemia is rarely diagnosed because it does not produce specific
symptoms in patients other than fatigue and increased irritability [43].

The prevalence of hyperphosphatemia in our study was high compared with the
results from another study, 15% vs. 0.5%, respectively [44]. The difference could be caused
by the selection of the study group. In our study, we analyzed the results of the general
hospital population, whereas Tonelli et al. analyzed the results of a group of patients with
coronary heart disease [44].

We found almost no effect of age on the calcium and phosphate levels, perhaps
because all the patients in our study group were aged 65 years and over. In the case of
magnesium, our results are in line with those of other authors, who found that magnesium
concentrations are age-dependent, and older people are more likely to have abnormal
magnesium concentrations [21,39]. For vitamin D, both in our study and in the studies of
other authors, there was a correlation with age [27].
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In our study, sex had a statistically significant effect on the serum calcium, magnesium,
and vitamin D concentrations. In the case of calcium concentration, the greatest association
with sex is with the presence of hypocalcemia, which is more commonly found in males.
In contrast, the results regarding hypercalcemia are not consistent [16,24]. The results of
other investigators regarding the sex dependence of magnesium concentrations are, again,
partly in line with ours, and hypomagnesemia is found more often in women, while there
is no correlation in the group with hypermagnesemia [39]. Phosphate concentrations, on
the other hand, do not seem to be sex-dependent at all, which is also partly evident in our
results [45]. Vitamin D concentration appears to be sex-dependent, as in our study, normo-
and hypervitaminosis D were significantly more common in women irrespective of the
adopted reference values, similarly to the results of Dudenkov et al. [27].

Our study has some strengths, which are worth mentioning. Firstly, a large sample size
(66,450 results including 4107 calcium results, 31,690 magnesium results, 22,707 phosphates
results, and 7956 vitamin D3 results) significantly reduces the risk of randomness of
the obtained results. Secondly, there are few current studies assessing the incidence of
abnormal concentrations of the investigated minerals, especially of phosphates, in the
hospital population. The increase in the frequency of observed hypermagnesemia over the
years indicates the need for cyclical conduct of this type of research.

However, it also has limitations that should be stated. First, this study is based on
evaluation of the results (raw data) which we had access to in the laboratory information
system, not the patients and their clinical presentation. To avoid errors in the analysis as
much as possible, we eliminated repeated measurements performed for the same patients.
Second, we did not eliminate the patients who might have been taking medications that
could affect the results. We only estimated that they constituted 12.5% of the studied
group. This estimation was based on the exact analysis of 1000 randomly selected medical
reports of the included subjects. All the extracted results were initially set in chronological
order (according to the date of analysis), and every 50th result was taken for medical
report analysis. We decided not to eliminate these results from the final analysis because
we suspected that the data regarding drug administration might have been incomplete
and underestimated. There were no data on the doses of these drugs, their duration
of use and information on other preparations and supplements that could have been
taken by the patients, which is not uncommon in the elderly group, and which could
also affect the concentrations of the parameters tested. Thus, including all the obtained
results seemed to be the most appropriate approach. Third, the method of vitamin D
concentration measurement that was available to us was only an immunoassay. This is
not the gold standard (which is mass spectrometric methods); therefore, the results bear
a risk of inaccuracy. Fourth, calcium homeostasis is difficult to assess, and even if the
measurement is corrected for albumin in patients with hypoalbuminemia, there is a risk
of obtaining incorrect results. Finally, in this study, calcemia, magnesemia, phosphatemia,
and D3 vitaminosis are analyzed independently. We included the results of the patients
who had at least one of the parameters tested, not all four at the same time. The reason is
that physicians very often order only one or two of these parameters to be tested. If we
were to extract only the patients with all the four determined parameters, the number of
included patients would be considerably lower. Nevertheless, such an analysis would be
of high interest and, after collecting the representative number of results, we will promptly
share our findings.

5. Conclusions

In conclusion, disorders of the calcium-magnesium—phosphate metabolism are com-
mon in hospitalized patients over 65 years of age with dysmagnesemia as the most common
disturbance. These disorders have a negative impact on health and are associated with an
increased risk of death. Since the elderly, due to the burden of comorbidities, long-term
medication use, and deficient diet, are more prone to calcium-magnesium—phosphate
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homeostasis disturbances, the concentrations of these substances should be routinely
monitored in this group.
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ABSTRACT

Objectives: Nonrespiratory manifestations of COVID-19 include endocrine disorders, among which are
calcium-magnesium-phosphate homeostasis abnormalities, which seem to influence the disease sever-
ity and patient outcome. The aim of this study was to evaluate the prevalence and impact of calcium-
magnesium-phosphate and vitamin D3 disorders on survival in patients hospitalized for COVID-19 de-
pending on the severity of the disease and kidney function.

Design or methods: The study was conducted between April 2020 and May 2021 at Central Clinical Hos-
pital in Warsaw, Poland. A total of 146 patients who had tested concentration of at least one of the
studied elements, estimated glomerular filtration ratio, creatinine levels, and blood saturation, and were
diagnosed with COVID-19 disease were included in the analysis.

Results: We found that hypermagnesemia was common and associated with a 1.5-fold increased risk of
death in the whole cohort. Hyperphosphatemia also increased the risk of death, exactly 2.4-fold. Further-
more, we found a statistically significant association between increased mortality in the whole cohort
and hypovitaminosis D3 (P <0.05). Serum creatinine concentration and estimated glomerular filtration
ratio significantly correlated with serum magnesium and phosphate levels.

Conclusion: Hypermagnesemia, hyperphosphatemia, and hypovitaminosis D but not hypocalcemia influ-
ence the mortality of patients with COVID-19. These parameters should be monitored routinely in this

group of patients, especially in those with decreased kidney function.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious

Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

COVID-19 is characterized by several symptoms such as fever,
cough, fatigue, and lymphocytopenia (Guan et al, 2020). How-
ever, the longer this pandemic lasts, the more diverse the disease
picture becomes. Nonrespiratory manifestations include endocrine
disorders, among which are calcium-magnesium-phosphate home-
ostasis abnormalities, which appear to be of clinical significance in
patients with severe disease.

Over the last 2 years, most reports on the calcium-magnesium-
phosphate metabolism in COVID-19 concerned hypocalcemia; con-

* Corresponding author: Justyna Malinowska, Banacha 1a, 02-097 Warsaw,
Poland, Tel.: +48-22-599-24-05.
E-mail address: justyna.malinowska@wum.edu.pl (J. Malinowska).

https://doi.org/10.1016/j.ijid.2022.06.057

sequently, it was considered that reduced serum calcium concen-
tration is a recurrent feature of this disease (Bossoni et al., 2020;
Cappellini et al., 2020; Di Filippo et al., 2020). There have also been
reports of the high prevalence of vitamin D deficiency in patients
with severe COVID-19, which may be one of the causes of hypocal-
cemia in this group (Bennouar et al., 2021). As for magnesium and
phosphate, although studies are reporting common hypomagne-
semia and hypophosphatemia in patients with COVID-19 and even
an association with disease severity, they are limited in number
(van Kempen and Deixler, 2021). Hypomagnesemia has been de-
scribed as a factor that may worsen the course and prognosis of
patients with COVID-19, and magnesium supplementation seemed
to be one possible therapeutic intervention (Tan et al., 2020; Tang
et al., 2020; van Kempen and Deixler, 2021; Wallace, 2020). More-
over, hypermagnesemia found on admission may be a new marker
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of the severity of the disease and adverse outcome because it
seems to be significantly associated with the increased mortality
of patients infected with SARS-CoV-2 (Sharma et al., 2022).

Abnormal levels of electrolytes, especially hypermagnesemia,
are usually associated with decreased renal function because the
kidneys are involved in the maintenance of calcium-magnesium-
phosphate homeostasis (Blaine et al., 2015). Moreover, COVID-19
impacts kidney function and is associated with an increased risk
and the occurrence of acute kidney injury (AKI) (Fisher et al.,
2020; Kant et al., 2020). The disease has also a particular effect
on patients with pre-existing chronic kidney disease (CKD) (Kant
et al., 2020). One of the reasons why COVID-19 so often impacts
kidney function is that the binding site for SARS-CoV-2, which
is angiotensin-converting enzyme 2, is abundantly present in the
proximal tubule cells (Fisher et al., 2020)

The aim of this study was to evaluate the prevalence and im-
pact on survival of calcium-magnesium-phosphate and vitamin D3
disorders in patients hospitalized for COVID-19 depending on the
severity of the disease and kidney function.

Materials and Methods

A retrospective analysis of serum total and ionized calcium,
magnesium, phosphate, vitamin D3, albumin, and creatinine con-
centrations, blood pH, saturation, estimated glomerular filtration
ratio (eGFR), age, sex, disease severity, comorbidities, and the out-
come was performed among patients hospitalized in the Central
Clinical Hospital of the Medical University of Warsaw between
April 2020 and May 2021 because of COVID-19 infection. A to-
tal of 146 patients who (i) had tested concentration of at least
one of the studied elements and (ii) were diagnosed with COVID-
19 using real-time polymerase chain reaction assay of nasal and
pharyngeal swab with clinical signs of infection were included in
the study. Patients were divided into two groups: severe COVID-19
(N = 111) and nonsevere COVID-19 (N = 35) based on the satura-
tion of hemoglobin with oxygen upon admission and using cut-off
points proposed by the Polish Society of Epidemiologists and Doc-
tors of Infectious Diseases (Flisiak et al., 2020); severe COVID-19
was diagnosed when saturation was <90% and nonsevere COVID-
19 when saturation was >90%. The exclusion criteria were data
gaps that made it impossible to determine the age or concentration
of any of the parameters tested. The older patients were defined as
patients over 60 years of age.

Data were collected from the hospital’s database. Calcium, ion-
ized calcium (assessed at a standard pH of 7.4), magnesium, phos-
phate, vitamin D3, albumin, and creatinine concentrations, blood
pH, and saturation were tested upon admission or during the first
24 hours of hospitalization.

Adapted reference values: for magnesium, 0.75-1.0 mmol/l;
for total calcium, 2.15-2.5 mmol/l; for ionized calcium, 1.05-1.3
mmol/l; for phosphate, 0.8-1.5 mmol/l; for vitamin D, 30-50 ng/ml;
for blood pH, 7.32-7.42 pH. The reference limit used for hy-
poalbuminemia diagnosis was <3.5 g/ml. For those subjects who
had decreased albumin concentration (n = 35), we calculated
a corrected calcium concentration using the equation: Ca cor-
rected = Ca + 0.02 (40—Alb), where Ca is total calcium in mmol/l
and Alb is albumin (g/1). Reference values for creatinine for females
are in the range of 0.48-0.93 mg/dl and for males, in the range of
0.63-1.16 mg/dl (Delanaye et al., 2017). The eGFR value was used
to determine the stage of CKD, respectively stages 1-2, eGFR >60
ml/min/1.73 m?2; stage 3, eGFR = 30-59 ml/min/1.73 m?2; stage 4,
eGFR = 15-29 ml/min/1.73 m?; and stage 5, eGFR <15 ml/min/1.73
m? (Hill et al., 2016).

The research was conducted according to the rules of the
bioethical committee of the Medical University of Warsaw and all
data were anonymized.
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Statistical Analysis was performed using Microsoft Office Ex-
cel 2019, Statsoft Statistica, and GraphPad Prism. Shapiro-Wilk test
was used to assess the normality of the distribution of the re-
sults. For data with a normal distribution, we used t-test (effect
of sex and age on serum ionized calcium and magnesium con-
centration, the difference in mean magnesium concentration be-
tween patients with creatinine level >1.5 mg/dl and <1.5 mg/dl)
and analysis of variance (comparison of mean serum magnesium
concentrations between groups of patients at different CKD stages).
For data with non-Gaussian distribution, we used Mann-Whitney
U test (effect of sex and age on phosphate, corrected calcium, vi-
tamin D, and creatinine concentration, an association with fatal
outcome, the difference in median phosphate concentration be-
tween patients with creatinine level >1.5 mg/dl and <1.5 mg/dl,
difference in median age between severe and nonsevere groups),
Kruskal-Wallis test (comparison of median serum phosphate con-
centrations between groups of patients at different CKD stages),
chi-square test with the appropriate corrections (comparison of
the frequency of hypo-, normo-, and hyperconcentrations of the
parameters studied between the groups with severe and nonse-
vere COVID-19, the difference in the incidence of creatinine con-
centration >1.5 mg/dl between sexes, and comparison of patients
based on the outcome in terms of disease severity and the occur-
rence of biochemical abnormalities) and Spearman’s rank correla-
tion coefficient (correlation of glomerular filtration rate and cre-
atinine levels with studied electrolytes). We also performed lo-
gistic regression analysis of the impact of changes in the studied
parameters on the chance of death in total patients. We consid-
ered P <0.05 as statistically significant and marked it in the text
in bold.

Results

A total of 146 patients hospitalized at the University Clinical
Center of the Medical University of Warsaw with severe or nonse-
vere COVID-19 were included in the study. Older patients predom-
inated in the group (63.7%, 93/146), with the median of 64.5 years.
Males made up the majority of the group (62%, 90/146). However,
there was no statistical association between disease severity and
age or sex. For basic information on patients, see Table 1.

Biochemical evaluation

Simple statistical analysis was performed to evaluate the preva-
lence of calcium-magnesium-phosphate and vitamin D3 disorders
and the dependence of their occurrence on sex and disease sever-
ity. In our study group, the most common disturbances were hy-
povitaminosis D3 with a prevalence of 51%, hypercalcemia with an
incidence of 46.6%, and increased creatinine levels, which was di-
agnosed in 45% of our study group. Serum creatinine concentration
above 1.5 mg/dl, traditionally used as a cut-off point to diagnose
AKI, was found in 35 patients (24%). On the other hand, the least
common disturbances were hypophosphatemia (6%) and decreased
creatinine level, which were found in 3.4% of all patients. There
was a significant difference between the sexes only in serum crea-
tinine level (P <0.00001). Most of the female patients had normal
creatinine levels (64%, n = 36), whereas half of the male patients
had an increased serum creatinine concentration (53%, n = 47). An
analysis of differences in serum concentration of the evaluated pa-
rameters between severe and nonsevere patients provided statis-
tically significant results only in the case of phosphate and cre-
atinine. Moreover, hyperphosphatemia was significantly more fre-
quent in the nonsevere COVID-19 group (P = 0.0038). All of the
obtained results are set out in Table 2.
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Table 1

Baseline patient characteristics by COVID-19 severity.
Variables Total (N = 146) Severe COVID-19 (N = 111) Nonsevere COVID-19 (N = 35) P-value
Age (y) 64.5 64 70 0.25
Sex
Male 90 (62%) 68 (61%) 22 (63%) 0.89
Female 56 (38%) 43 (39% 13 (37%)
Comorbidities 0.98
Diabetes 21 (14%) 17 (15%) 4(11%)
Hypertension 18 (12%) 13 (12%) 5 (14%)
Cancer 1(0.7%) - 1(3%
Median SpO, (%) 70.35 57.5 95.4 <0.0000001

Table 2

Summary of the prevalence of calcium-magnesium-phosphate and vitamin D3 disorders, and the dependence of their occurrence on sex and

disease severity.

Total Total Ionized
Variables calcium magnesium Phosphate calcium Vitamin D3 Creatinine
N 58 66 85 24 43 146
Female (%) 38 29 34 54 33 38
Mean, SD 2.62 + 0.88 + 134 + 1.18 + 29.17 + 138 +
0.64 0.15 0.63 0.13 14.9 1.05
Hypo (%) Total 12 17 6 8 51 34
Severe 12 18 7 12 53 3
Nonsevere 12 12 4 0 43 6
Normo (%) Total 41 65 75 92 40 51.6
Severe 40 66 81 88 36 53
Nonsevere 44 63 62 100 57 46
Hyper (%) Total 47 18 19 - 9 45
Severe 48 16 12 - 11 44
Nonsevere 44 25 34 - 0 48
Female vs male mean serum level P =0.97 P =0.1 P =048 P =10.19 P =10.19 P <0.00001
Severe and nonsevere patients mean P =0.96 P = 0.665 P = 0.034 P =0.814 P =0.811 P = 0.0023
serum level
The incidence of hypo-, Hypo P = 0.63 P =047 P =0.51 P =0.49 P =047 P =035
normo- and
hypercon-centration in Normo P =0.943 P = 0.964 P = 0.051 P = 0.493 P = 0.265 P =047
severe vs nonsevere
patients Hyper P =0.976 P =0.319 P = 0.004 - P =0.477 P = 0.68
Table 3

An assessment of kidney function’s influence on evaluated parameters

Serum creatinine concentration significantly correlated with
serum magnesium (R = 0.36, P <0.001) and phosphate concen-
trations (R = 0.23, P = 0.031) but not with serum total calcium
(R =0.12, P = 0.38), ionized calcium (R = -0.07, P = 0.7), nor vita-
min D concentration (R = 0.08, P = 0.63). Moreover, mean serum
magnesium and median phosphate concentrations in patients with
serum creatinine concentration <1.5 mg/dl were significantly lower
than in patients with serum creatinine levels >1.5 mg/dl (Figure 1).

More than half of the group (82/146) had normal kidney func-
tion, and 86% (122/146) were in CKD stages 1-3. The eGFR sig-
nificantly correlated with serum magnesium concentration (R = -
0.44, P <0.0001) and serum phosphate concentration (R = 0.23,
P = 0.029) but not with serum total calcium (R = 0.08, P = 0.54),
ionized calcium (R = -0.126, P = 0.52), nor vitamin D concentra-
tion (R = 0.16, P = 0.3). Furthermore, mean magnesium concen-
tration was significantly lower in CKD stages 1-2 group compared
with stages 3 and 4 (P = 0.006). Similarly, median phosphate con-
centration in CKD stages 1-2 was also significantly lower than in
stages 3 and 5 (P = 0.015).

An association between serum concentration of the studied
parameters and fatal outcome

Of the 146 patients enrolled in the study, 41 died. These pa-
tients were older, with a median of 71 years versus 63 years
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Comparison of patients based on the outcome in terms of disease severity, and
the occurrence of biochemical abnormalities.

Variables \ Outcome Death  Survival  P-value
Severe COVID-19 25 86
Disease severity Nonsevere COVID-19 16 19 0.0078
Hypocalcemia 4 3 0.0424
Hypercalcemia 9 18 0.1945
Hypomagnesemia 2 9 0.5520
Hypermagnesemia 7 5 0.0053
Hypophosphatemia 1 4 0.6982
Hyperphosphatemia 12 4 0.00001
Hypocalcemia (ionized calcium) 2 0 0.0472
Hypovitaminosis D3 5 17 0.8591
Hypervitaminosis D3 0 4 0.3682
Decreased creatinine levels 2 3 0.2994
Increased creatinine levels 30 36 0.00001

in the group of patients who survived (P = 0.0041). Table 3
shows that they were significantly more often in the nonse-
vere COVID-19 group and had hypocalcemia (total and ionized),
hypermagnesemia, hyperphosphatemia, and increased creatinine
levels.

We also compared patients’ results based on their outcomes
using the Mann-Whitney test. To check the influence of the dis-
ease severity on the effect of abnormal electrolyte concentrations
on the mortality of patients, we performed this analysis in all pa-
tients, severe, and nonsevere groups. We found a statistically sig-
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Figure 1. Comparison of mean magnesium and median phosphate concentration between patients with serum creatinine concentration < 1.5 mg/dl and > 1.5 mg/dl.

Table 4
An association between serum concentration of studied parameters and fatal
outcome in total patients, nonsevere, and severe COVID-19 groups.

Variables Total patients  Nonsevere  Severe
P-value

Hypercalcemia 0.7 0.525 0.31
Hypomagnesemia 0.06 0.29 0.17
Hyperphosphatemia 0.14 0.62 0.256
Hypocalcemia (ionized calcium) 1 1 0.39
Hypovitaminosis D3 0.05 0.846 0.059
Increased creatinine levels <0.00001 0.19 <0.0001
Decreased eGFR <0.00001 0.071 <0.0001

Table 5
The odds ratio for death in total patients related to changes in the studied pa-
rameters.

Variables OR 95% CI
Hypocalcemia 0.714 0.6832-2.0130
Hypermagnesemia 1.500 1.4830-3.100
Hyperphosphatemia 2.400 1.4311-4.033
Hypovitaminosis D3 0.7642 0.8565-1.053
Hypocalcemia (ionized calcium) 1.002 0.8544-2.0131
Increased creatinine levels 0.7351 0.2176-1.799
Decreased eGFR 0.9616 0.8905-1.028

nificant association between an increased mortality in total pa-
tients and hypovitaminosis D3 (P = 0.05), increased creatinine lev-
els (P <0.00001), and decreased eGFR (P <0.00001). Similarly, in
the severe COVID-19 group, there was also a significant association
between fatal outcome and increased creatinine levels (P <0.0001)
and decreased eGFR (P <0.0001) (Table 4).

However, we also performed a logistic regression analysis of
the impact of changes in the studied parameters on the chance of
death in the whole cohort, including data on age, sex, serum cre-
atinine concentration, eGFR, and comorbidities (Table 5). The only
statistically significant results that we have found concerned mag-
nesium and phosphate. The odds ratio (OR) for magnesium was
1.500, indicating a 1.5-fold increase in the odds of fatal hospital-
ization for patients with hypermagnesemia. Above normal phos-
phate levels were also associated with an increased, exactly 2.4-
fold, chance of death (OR = 2.400).
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Discussion

In our study group, males made up 62% of total patients. It is
in line with observations of other researchers that a severe course
of COVID-19 is more common among males, resulting in hospi-
talization. The probable causes are weakened immune response
to infection in men and an increase in angiotensin-converting en-
zyme 2 expression, which is a receptor that SARS-CoV-2 binds to
(Mohamed et al., 2021; Viveiros et al., 2021).

The older patients predominated in our study group (63.7%).
This observation is similar to those made in other studies and jus-
tified because age is one of the major risk factors, maybe even the
most significant one, for COVID-19 (Chen et al., 2021; Tian et al.,
2020; Wu et al., 2020).

The SARS-CoV-2 infection has a particular impact on kidney
function in patients with AKI and also on patients with pre-
existing CKD (Kant et al.,, 2020). The assessment of kidney func-
tion is vital when analyzing the influence of a given disease on
the calcium-magnesium-phosphate balance because the kidneys,
gut, and bones are regulating their homeostasis (Blaine et al.,
2015). CKD influences these minerals’ serum concentration in the
most profound way, especially magnesium (van de Wal-Visscher
et al., 2018). CKD is usually diagnosed when eGFR is below 60
ml/min/1.73 m? (Pasala and Carmody, 2017). However, even with
lower eGFR values, and thus worse kidney function, compensatory
mechanisms, such as an increase in fraction excretion of magne-
sium, prevent serum minerals concentration changes. This state
continues through CKD stages 1 to 3 but becomes insufficient in
more advanced stages 4 to 5 (van de Wal-Visscher et al., 2018). In
our study, the majority of patients (86%) were in the CKD stage 1-
3, in which calcium, magnesium, and phosphate levels should not
be influenced by improper kidney function.

Another marker of kidney function is creatinine, although not
an ideal one, because an increased serum creatinine can be caused
by larger muscle mass, a high-protein diet, and drugs (Pasala and
Carmody, 2017). In our study group, increased creatinine concen-
tration was common and occurred in 34% of female patients and
53% of male patients, and there was a statistically significant asso-
ciation between serum creatinine level and sex (P <0.00001). This
is in line with the observations of other researchers (O’Leary et al.,
2017).

Serum creatinine level is a parameter used to diagnose AKI
(Ronco et al., 2019). Traditionally, the cut-off point used for that
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purpose was 1.5 mg/dl but currently, it is recommended to access
changes in serum creatinine concentration during hospitalization,
and only an established increase in its concentration indicates AKI
(O’Leary et al., 2017). However, we analyzed only test results taken
upon admission or during the first 24 hours of hospitalization. This
is why we have only evaluated the association of serum creatinine
levels with serum concentration of studied minerals as well as the
incidence of serum creatinine levels of more than 1.5 mg/dl, with-
out referring to the occurrence of AKI. We found that serum crea-
tinine concentration and eGFR significantly correlated with serum
magnesium and phosphate levels. Our results are in line with the
observations of other researchers (Felsenfeld et al., 2015). Although
the incidence of advanced CKD (14% of the patients) and serum
creatinine levels >1.5 mg/dl (24% of the patients) was moderately
low in our study group, these abnormalities were significantly as-
sociated with fatal outcome in the whole cohort and the severe
group; hence, we have included data on eGFR and creatinine con-
centration in the logistic regression analysis to avoid any interfer-
ence.

In our study group, hypocalcemia was not as prevalent as in
other studies, 12% versus 62.6% (Liu et al., 2020) in patients with
severe COVID-19, 12.5% versus 67% (Pal et al., 2020) in patients
with nonsevere COVID-19, and 12% versus 80% in total patients
(di Filippo et al., 2021b). It is not probable that the cause of this
difference lies in the selected method of assessment of calcium
concentration, as in the study, in which the incidence of hypocal-
cemia reached 80%, researchers tested plasma ionized calcium con-
centration (di Filippo et al, 2021b). So did we, and only 12% of
the patients with severe COVID-19 had hypocalcemia. However, we
found that hypocalcemia was still significantly more prevalent in
patients who did not survive (0.0424). However, we did not find
any association between hypocalcemia and fatal outcome, which is
contrary to the results of other researchers (di Filippo et al., 2021b;
Liu et al., 2020).

The incidence of hypercalcemia in our study group was un-
expectedly high, 48% (severe COVID-19) and 43.75% (nonsevere
COVID-19). This could be another calcium-magnesium-phosphate
imbalance observed in the COVID-19 pandemic, as it had been
in other viral diseases (Prager et al, 1994). However, although so
common, hypercalcemia does not appear to affect the mortality of
patients with COVID-19. Normally, hypercalcemia can be caused by
hyperparathyroidism, malignancies, drugs, or hypervitaminosis D
(Turner, 2017). The latter is not probable in this study because we
assessed vitamin D3 concentrations in our study group and found
that hypervitaminosis was not that common. On the other hand,
hyperparathyroidism may be a probable cause of such a high in-
cidence of hypercalcemia in our study group, as its treatment has
become difficult during the pandemic (Lisco et al, 2021). Another
possible explanation for abnormal calcium concentrations in pa-
tients with COVID-19 is impaired compensatory parathyroid hor-
mone response, caused by parathyroid gland disfunction due to
critical illness and inflammation (di Filippo et al., 2021a). How-
ever, we did not include serum parathyroid hormone concen-
tration in our analysis; hence, those remain the only possible
circumstances.

In our study group, hypomagnesemia (Mg <0.75 mmol/l) was
found in 18% of patients severe with COVID-19 and 12.5% of the
nonsevere COVID-19 group. Interestingly, this prevalence is in line
with some (12.5-18% vs 12.2%) (Haraj et al, 2021) or lower than
other reports (12.5-18% vs 32-48%) (Quilliot et al., 2020; Sarvazad
et al, 2020). Magnesium deficiency is discussed as a risk fac-
tor for severe COVID-19 infection but also, to some extent, a re-
sult of it (lotti et al, 2020). Although hypomagnesemia causes an
increase in the production of cytokines and systemic inflamma-
tion, we did not observe any significant association between hy-
pomagnesemia and increased mortality (P = 0.06) (Sarvazad et al.,
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2020). Moreover, the prevalence of hypermagnesemia (Mg >1.0
mmol/l) was higher and occurred in 16% of subjects with se-
vere COVID-19 and 25% of patients with nonsevere COVID-19. Al-
though it is a much higher prevalence than is usually found in
the hospital population (16-25% vs 5.7-13.5%) (Jahnen-Dechent and
Ketteler, 2012), it is lower than that reported by Sharma et al
(54%) (Sharma et al., 2022). Hypermagnesemia may be more fre-
quent in this group of patients because people infected with SARS-
CoV-2 experience complex cellular damage that can result in the
release of magnesium ions from the intracellular compartment,
where 99% is stored under physiologic conditions, into the ex-
tracellular compartment (Sharma et al, 2022). An increased risk
of death in intensive care units due to hypermagnesemia has al-
ready been reported but only once in association with severe
COVID-19 (Broman et al., 2018; Sharma et al., 2022). However, in
our study, OR for hypermagnesemia also indicates an increased
chance of death. It seems that the concentration of magnesium is
a parameter that should be carefully monitored in this group of
patients.

Hypophosphatemia in our study group was found only in 7%
(severe COVID-19) and 3.8% (nonsevere COVID-19) of patients.
Phosphate deficiency is recognized as one of the risk factors for
a severe COVID-19, but the difference in the incidence of this
disorder between the groups in our study group was not sta-
tistically significant (P = 0.51) (van Kempen and Deixler, 2021).
Furthermore, we found a statistically significant difference in the
incidence of hyperphosphatemia between severe and nonsevere
COVID-19 groups, 12% versus 34.2% (P = 0.004). There are no sci-
entific data on the incidence of hyperphosphatemia in the course
of COVID-19, but there are reports of cases in which the infection
is the cause of this abnormality (Elkattawy et al., 2020; Tchidjou
et al., 2020). As important as phosphate is for energy metabolism,
its high concentrations are life-threatening, irrespective of kidney
function, which was also indicated by our OR analysis in which
above normal phosphate levels were associated with an increased,
exactly 2.4-fold, chance of death (Broman et al, 2018). Viral in-
fection may also be a cause of transient hyperphosphatemia, but
we cannot comment on this because included only measurements
made upon admission (Tchidjou et al., 2020).

Hypovitaminosis D3 was found in 51% of total patients and
was associated with increased mortality (P = 0.05). Similar results
were obtained by other researchers, 39-55.7% (Baktash et al., 2021,
Pereira et al., 2020). It may be caused by a high prevalence of vita-
min D deficiency worldwide (Lips et al., 2019).

Interestingly, we found hypervitaminosis D only in the se-
vere COVID-19 group (11%). Because researchers studying COVID-
19 cases focus on hypovitaminosis D, there is very limited data
on hypervitaminosis D incidence in this group of patients; com-
pared with the results of studies on the hospital population, the
prevalence is higher, 11% vs 4.1% (Sharma et al., 2017). The proba-
ble cause of it is the misuse of dietary supplements, which could
be taken by the patients in too high doses (Rahesh et al., 2020).

We did not find any sex or age dependence regarding almost all
of the studied elements. It is in line with some but not all studies.
For example, hypomagnesemia was found to be more prevalent in
female patients with COVID-19 in one study (Quilliot et al., 2020),
but there was no sex or age dependence in others (Haraj et al.,
2021). In the case of serum calcium concentration, sex and age also
appear to be unrelated to the obtained results (di Filippo et al.,
2021b; Liu et al, 2020), as well as in hypovitaminosis D (Baktash
et al., 2021).

Conclusions

Calcium-magnesium-phosphate homeostasis disturbances are
very common among patients with COVID-19, with hypermagne-
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semia and hyperphosphatemia increasing the risk of death. These
parameters should be regularly monitored.
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Abstract: (1) Background: The massive transfusion of packed red blood cells (RBCs) is a lifesaving
procedure, but it is associated with complications, e.g., dysmagnesemia. Since magnesium is an
intracellular ion, the transfused RBCs can significantly influence the magnesium concentration in the
recipient’s blood. (2) Methods: A retrospective study was performed among 49 patients hospitalized
in the Central Clinical Hospital of the Medical University of Warsaw who received a massive blood
transfusion (>4 units/h). Data on laboratory results and patient history were collected from the
hospital database. The intracellular RBCs magnesium concentration was measured in 231 samples
using the colorimetric method. (3) Results: There were statistically significant changes in the mean
serum magnesium concentration preoperatively and 24 h postoperatively (0.87 + 0.13 vs. 1.03 £ 0.14,
p < 0.00001) and 48 h postoperatively (0.87 + 0.13 vs. 1.06 & 0.15, p < 0.00001). Patients who
died had significantly higher serum magnesium concentrations (p < 0.05). The median intracellular
magnesium concentration in RBCs was 0.91 (0.55-1.8) mmol/L, which is below the reference values
of 1.65-2.65 mmol /L. (4) Conclusions: Transfused RBCs significantly increased the serum magnesium
concentration 24 h and 48 h postoperatively. It could be a result of mild hemolysis, as the median
intracellular magnesium concentration in RBCs was below the reference values.

Keywords: magnesium; hypomagnesemia; transfusion; RBC

1. Introduction

Massive transfusions of red blood cells (RBCs) are performed on patients in hemor-
rhagic shock and with other life-threatening conditions [1]. Although their use is vital
for patients to survive, it is associated with numerous serious health problems such as
hypothermia, coagulopathies, and metabolic and electrolyte disturbances [2—4]. The last
may result from previously existing disorders in the patient or blood donor, changes in
blood products resulting from their prolonged storage, or a loss of minerals related to the
method of blood product preparation [5]. To avoid clotting, the blood is collected into bags
containing the anticoagulant citrate phosphate dextrose (CPD) [6]. Citrate is a magnesium
chelator that lowers the extracellular concentration of this mineral [7].

Electrolyte disorders are a common massive transfusion complication; however, it is
not known how often they are caused by dysmagnesemia in blood products. For severely
ill patients, magnesium balance disturbances are commonly diagnosed already on hospital
admission, seemingly increasing the importance of the high quality of blood products [8].
One of the main reasons for magnesium imbalances is chronic kidney disease (CKD), as
kidney function is vital for proper magnesium handling [9]. However, it is not until stages
4 and 5 of CKD that those abnormalities, mostly hypermagnesemia, are visible in laboratory
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test results because of the compensatory mechanisms [10]. Although hypermagnesemia
is thought to be rare, it is an important in-hospital mortality risk factor [11,12]. Moreover,
decreased serum magnesium levels, which occur in 9-15% of critically ill patients, are also
associated with an increased risk of death [8,13]. Hypomagnesemia is a common electrolyte
disturbance occurring after severe events, like cardiac arrests [14]. However, it also seems
to be one of the disturbances following surgeries in general and cardiac surgery, after which
magnesium levels fall within the first 24 h [15,16].

Magnesium homeostasis disorders in hospitalized patients may be a result of the drugs
and procedures applied. Among the drugs most commonly used in severely ill patients,
diuretics and antimicrobials have the biggest impact on magnesium metabolism, as they
increase its renal excretion. Moreover, medications taken by patients for chronic illnesses,
e.g., cisplatin, calcineurin inhibitors, cetuximab, panitumumab, matuzumab, proton-pump
inhibitors, foscarnet, cardiac glycosides, and loop and thiazide diuretics, cause magnesium
deficiency [8,17,18]. Continuous veno-venous hemodiafiltration (CVVHDF) also decreases
the serum magnesium concentration because the citrate used in this procedure in order to
prevent blood from clotting is also a magnesium chelator [19,20].

Magnesium disturbances also occur in healthy people, some of whom decide to do-
nate blood. According to WHO, 75% of US citizens do not meet their dietary magnesium
requirements [4]. Therefore, it is likely that magnesium deficiency is common in healthy
subjects, although difficult to detect in laboratory tests, as only 0.3% of magnesium is in the
extracellular space, e.g., serum [21,22]. Moreover, the intracellular magnesium concentra-
tion in packed RBCs seems to reflect the body’s magnesium status more precisely than the
serum magnesium concentration [23]. Because of the fact that magnesium is an intracellular
ion, the transfused red blood cells (RBCs) can significantly influence the magnesium con-
centration in the recipient’s blood. Furthermore, the volume of transfused blood products
is correlated with the observed change in the serum magnesium concentration [24,25].

This study aims to assess how the massive transfusion of packed red blood cells
(RBCs) influences the patients’ postoperative serum magnesium concentration and how
often blood products have abnormal intracellular magnesium concentrations.

2. Materials and Methods

A retrospective study was performed among 49 patients hospitalized in the Central
Clinical Hospital of the Medical University of Warsaw between November 2021 and March
2023 who received a massive blood transfusion. Massive transfusions were defined as
transfusions with >four units during a single hour. The cut-off point is based on the
observations of other studies and adopted due to the lack of a universally accepted massive
transfusion definition [26,27]). The median volume of transfused packed RBCs was 2600 mL
(2350; 2950). The size of the study group was determined based on the study of Chrun
et al. (power (1-f err prob) = 0.95) [24]. The inclusion criteria were the serum magnesium
concentration measured preoperatively on admission and 24 h or 48 h postoperatively and
the preserved samples of transfused red blood cells (RBCs). The exclusion criteria were
data gaps and a history of prior blood transfusions. There were no acute posttransfusion
reactions, neither immunological nor non-immunological, including hemolysis, in any of
the patients included in the study.

The study was conducted in accordance with the rules of the Bioethical Committee of
the Medical University of Warsaw, and the data were anonymized.

The data on the serum magnesium concentration preoperatively, 24 h postoperatively,
or 48 h postoperatively, the potassium concentration 24 h postoperatively, the creatinine con-
centration, the eGFR, the reason for hospitalization, the drugs administered intravenously,
chronic illnesses, and outcomes were collected from the hospital database.

Preparation of red blood cells: samples of packed RBCs for transfusion were cen-
trifuged for 15 min at 1500 x g. The preservative fluid was then separated, and a lysis buffer
containing no Mg2+ ions with a pH of 9.4 was added to the remaining red blood cell con-
centrate in a 1:2 ratio. The samples were then homogenized and subjected to a magnesium
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concentration measurement. We also measured the total magnesium concentration in the
separated preservative fluid.

The total magnesium in red blood cells as well as in serum and preservative fluid
was measured using the colorimetric method. The reference values for the total serum
magnesium for adults are in the range of 0.75-1.0 mmol/L. The reference values of the
RBCs intracellular magnesium concentration are in the range of 1.65-2.65 mmol/L and
were drawn from Costello et al.’s study [28]. The potassium concentration was measured
with the indirect potentiometry method and adjusted mathematically to a standardized pH
of 7.4. The reference values for potassium for adults are in the range of 3.5-5.1 mmol /L.
The creatinine concentration was measured using the CRE2 assay in the biochemical Di-
mension system. The reference values for females are in the range of 0.48-0.93 mg/dL,
and for males, they are in the range of 0.63-1.16 mg/dL [29]. The eGRF value was cal-
culated from the CKD-EPI formula. The eGFR value was used to determine the stage
of chronic kidney disease—respectively, stages 1-2, eGFR > 60 mL/min/1.73 m2, stage
3, eGFR = 30-59 mL./min/1.73 m?, stage 4, eGFR = 15-29 mL/min/1.73 m?, and stage 5,
eGFR < 15 mL/min/1.73 m? [30].

The analyzers used to take measurements were the Cobas 702 (Hoffmann-La Roche
AG, Basel, Switzerland), Dimension EXL (Siemens Healthineers, Erlangen, Germany),
and ABL 875 FLEX analyzer by Radiometer (Copenhagen, Denmark). For the Dimension
EXL analyzer, the measurement range was 0.0-20.0 mg/dL (0.0-8.22 mmol/L), and the
precision was high (coefficient of variation (CV) 1.7-1.9%). For the Cobas 702 analyzer, the
measurement range was 0.10-2.0 mmol/L (0.243-4.86 mg/dL), and the precision was also
high (coefficient of variation (CV) 0.7-1.3%).

Statistical Analysis was performed using Microsoft Office Excel 2019 and Statsoft
Statistica 13.3. The tests used were: a t-Student test, Mann—Whitney test, ANOVA test,
Chi-squared test, and Spearman’s correlation coefficient. The Shapiro-Wilk test was used
to assess the normality of the result distribution. A p-value < 0.05 was considered as
statistically significant.

3. Results

The mean age of the patients included in the study was 55.7 & 16.2 years, and 20 of
them (41%) were female. The majority of the study group (80%, n = 39) consisted of patients
operated on for various reasons (heart or aortic defect, cancer, organ transplant, multi-site
trauma). The rest (20%, n = 10) consisted of patients that needed packed RBCs transfusion
due to severe anemia or bleeding. Only 10% (n = 5) of the study group did not have chronic
illnesses, and 27% (n = 13) of the patients died. For basic information on the patients, see
Table 1.

Preoperative magnesium concentration abnormalities, although present in 15 patients
(31%), were not severe. Patients with hypomagnesemia (n = 7, 14%) had a mean serum
magnesium concentration of 0.67 &= 0.03 mmol/L, while patients with hypermagnesemia
(n =8, 16%) had one of 1.06 £ 0.05 mmol /L.

The influence of factors that could potentially affect magnesium homeostasis such
as undergoing a surgical procedure, comorbidities, drugs administered intravenously,
and dialysis on the serum magnesium concentration was analyzed. Statistically signif-
icant associations were found only for sedatives and antidiuretics administration. The
mean serum magnesium concentration was higher in patients who received sedatives
(respectively, 1.07 vs. 0.98, p < 0.05, and 1.11 vs. 1.02, p < 0.05) as well as in patients who re-
ceived diuretics (1.105 vs. 1.00, p < 0.05, 1.15 vs. 1.04, p < 0.05). The results are summarized
in Table 2.
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Table 1. Basic information regarding patients, serum magnesium concentration, and transfused packed RBCs in the study group.
.. . The Mean
Reason for Drugs Admlmster‘ed . . . . Preoperative 24 h Postoperative 48 h Postoperative RB(.:S Intracellular
No. ST Intravenously during Dialysis Chronic Diseases Survival Mg . . Approximate ..
Hospitalization 1 . Mg Concentration Mg Concentration Concentration in
Hospitalization Concentration Volume [mL]
Transfused RBCs
1 Multi-site Propofol, . No Alcohol dependence Yes 0.83 1.07 1.04 2600 1325
trauma sufentanil, tazocin syndrome
Ticht aortic Biotraxon, lenovor,
2 & . amiodarone, No Hypertension Yes 0.88 1.08 111 2350 0.85
stenosis .
furosemide
p-ANCA systemic
Severe vitamin vasculitis,
3 Bi, deficiency - Yes hypertension, Yes 0.95 1.01 1.1 2950 1.424
anemia chronic kidney
disease
Hemorrhage of Midanium,
4 the digestive norepinephrine, Yes Alcohol dependence No 0.96 1.07 1.09 2600 1.34
. syndrome
tract adrenalin
Nonalcoholic
steatohepatitis,
Laparotomy due Levonor, morphine poreal }}11(}3, p:’:itcenmonl
5 todisseminated o moTP une, No b Yes 0.78 0.83 0.94 2350 0.62
furosemide, meronem encephalopathy, t2
cancer . .
diabetes mellitus,
hypertension,
obesity
Inflammatory bowel
6 Liver transplant No data No data disease, Yes 0.81 0.99 0.82 2950 1.028
hypothyroidism
7 Liverretrans- Metronidazole Yes Renal faiture, Yes 071 082 0.89 2600 055
plantation recurrent cholangitis
Severe aortic Furosemide, insulin,
8 X tramadol, propofol, No No Yes 0.77 1.08 1.14 2350 1.705
stenosis .
sufentanil
Ascendin Biofazolin, propofol,
8 sulfentanyl, No Hypertension Yes 1.15 1.42 1.4 2950 1.59333

aortic aneurysm

furosemide
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Table 1. Cont.
.. . The Mean
Reason for Drugs Admlmstel:ed . . R . Preoperative 24 h Postoperative 48 h Postoperative RBC.S Intracellular
No ST Intravenously during Dialysis Chronic Diseases Survival Mg . . Approximate N
Hospitalization e 1: 0 . Mg Concentration Mg Concentration Concentration in
Hospitalization Concentration Volume [mL]
Transfused RBCs
Adrenaline,
norepinephrine,
dobutamine, Heart failure,
Insufficiency of levosimendan, ascending aortic
10 the main artery ~ Propofol, midazolam, No aneurysm, No 0.99 1.09 112 2350 1525
valve sufentanil, morphine, permanent atrial
furosemide, heparin, fibrillation,
coradrone, lignocaine, hypertension
biotraxone,
antithrombin III, PPI
Aortic valve Hypertension,
1 disease and Propofol, sulfentanyl, No hyperlipidemia, t2 Yes 0.88 0.99 1.04 2350 116
coronary artery furosemide, ebrantil diabetes mellitus, ’ ’ ’ ’
disease COPD, heart failure
12 Liver Unfractionated No No data Yes 087 085 083 2600 1.74
transplantation heparin
Aortic regurgitation,
Replacement of ischemic heart
13 the aqrtlc valve Propofol, sulfentapyl, No disease, heart .fallure, No 0.82 1.06 114 2350 0.86
with the levonor, dobutamine hypertension,
ascending aorta thyroid nodular
goiter
. . . Liver failure,
Bleeding from Terlipressin, PPI, K ancreatic head
14 esophageal supplementation, No p o X Yes 0.83 1.1 1.04 2350 1.475
varices insulin tumor infiltrating
the bile ducts
S . Severe microcytic
evere ron Clonazepam anemia
15 deficiency pat, No ! Yes 1.03 111 1.08 2400 1.58
- furosemide hypertension,
anemia :
atherosclerosis
Sideropenic
anemia caused
16 by recurrent - No Hypothyroidism Yes 0.9 1.02 0.98 2350 1.72

bleeding from
hemorrhoids
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Table 1. Cont.

.. . The Mean
Reason for Drugs Admlmstel:ed . . R . Preoperative 24 h Postoperative 48 h Postoperative RBC.S Intracellular
No. ST Intravenously during Dialysis Chronic Diseases Survival Mg . . Approximate N
Hospitalization e 1: 0 . Mg Concentration Mg Concentration Concentration in
Hospitalization Concentration Volume [mL] Transfused RBCs
Alcoholic anlt\li-(c)afcimﬁgllcl) malflr,ﬂc Alcohol dependence
17 cirrhosis of the phé opa No syndrome, No 0.96 0.99 1.07 2350 1.38
N drugs, antibiotic, .
liver . esophageal varices
propofol, sufentanil
A:f(zglfl;?batlol’:;lm Propofol, sufentanil, Hypothyroidism,
18 antibiotic, furosemide, No . ypothyroicism, No 0.76 1.31 12 2350 1.8
gastrectomy for X . diverticular disease
. norepinephrine
gastric adenoma
. . Propofol, morthe, Loeys-Dietz
Dissecting noradrenaline, syndrome
19 aneurysm of the epinephrine, Yes hy;ertensio,n No 0.81 1.04 11 2950 1.476
main artery glypressin, polﬁhn,. asthma
meronem, vancomycin
Pancreatic Hydrocortisone
20 cancer y . ’ No No Yes 0.98 - 1.21 2350 0.585
. : clemastine
disseminated
. . . Hypertension, aortic
gy Dissectionofthe  ramadol, trifas, No regurgitation, Yes 1.04 118 1.32 2350 0.605
ascending aorta biofazolin h o
ypothyroidism
22 Tron deficiency Venofer No Hypertension Yes 1.01 - 118 2400 1.04
anemia
Ovarian cancer,
Decompensated portal vein
23 . p R - No thrombosis, Yes 0.68 0.88 0.72 2350 1.23
liver cirrhosis :
hemorrhoids,
depression
Severe
nosebleed after
the completion
24 of - No Hypothyroidism Yes 0.98 1.03 0.88 2350 1.425
chemotherapy

for sarcoma of
the hip
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Table 1. Cont.
.. . The Mean
Reason for Drugs Admlmstel:ed . . R . Preoperative 24 h Postoperative 48 h Postoperative RBC.S Intracellular
No ST Intravenously during Dialysis Chronic Diseases Survival Mg . . Approximate N
Hospitalization e 1: 0 . Mg Concentration Mg Concentration Concentration in
Hospitalization Concentration Volume [mL]
Transfused RBCs
. Heart failure,
Mitral valve Vancomyecin, ventricular
25 cordarone, concor cor No . Yes 0.93 0.95 1.0 2350 0.97
defect . . arrhythmias,
amiodarone, trifas dvslini .
yslipidemia,
Cerebellar Tazocin, vancomycin, Hypertension,
26 tumor ceftriaxone, amikacin, No gastroesophageal No 1.04 1.08 - 2400 1.265
analgesics reflux
Alcoholic f;‘;l‘"g‘c’;“
27 cirrhosis of the . & oy No CKD Yes 0.75 0.83 0.91 2350 0.985
li anti-encephalopathic
iver .
drugs, anti-coagulants
Progressive liver Propofol,
28 & norepinephrine, Yes No No 0.71 1.05 0.98 2950 1.46
damage
fluconazole
Iron and Hypertension,
29 vitamin By, - No hyperlipidemia, Yes 0.85 1.01 0.92 2350 0.855
deficiency impaired fasting
anemia glucose
Hepatic failure - L
30 in the course of Diuretics, No Pancreatic tail cyst, Yes 0.87 121 121 2950 0.828
PBC norepinephrine kidney cysts
Liver transplant Diuretics
31 for secondary - . No No data Yes 1.08 1.19 1.33 2950 0.872
1 . . norepinephrine
biliary cirrhosis
Multiple
myeloma, kappa
32 light chain - Yes Hypertension, CDK Yes 0.88 1.04 0.87 2950 0.724
disease, ISS 3,
D-SIIIB
33 Inﬂammatlon of Morphm?, mlda.mum, No Ulceratlv'e c.ohtls in Yes 091 117 1.08 2950 0.888
the bile ducts norepinephrine remission
Liver
transplantation . .
34 due to HCV Sufentanil No Hypertension Yes 0.85 0.98 1.07 2600 0.825

infection




J. Clin. Med. 2023, 12, 5157 8of 17
Table 1. Cont.
.. . The Mean
Reason for Drugs Admlmstel:ed . . R . Preoperative 24 h Postoperative 48 h Postoperative RBC.S Intracellular
No. ST Intravenously during Dialysis Chronic Diseases Survival Mg . . Approximate N
Hospitalization e 1: 0 . Mg Concentration Mg Concentration Concentration in
Hospitalization Concentration Volume [mL]
Transfused RBCs
Severe Proton-pum Heart failure,
35 symptoms of oton-pump No hepatic steatosis and Yes 0.63 0.71 1.05 2950 0.83667
. inhibitors - .
cholestasis failure, hypertension
Liver
36 . No data No data No data Yes 0.64 0.88 1.1 2600 0.9
transplantation
Liver Prograph, Augmentin T2 diabetes mellitus,
37 , §rap, 2118 No thrombosis of the Yes 0.79 0.84 1.03 2600 0.928
transplantation MFE, prednisolone
portal system
Hypertension,
s  Leftlungnodule - No diverticular disease, Yes 103 0.98 1.09 2350 0.908
biopsy nephrolithiasis,
atherosclerosis,
Liver V::E:lo I:S};E;n’ Renal failure, ascites,
39 . . & oy No hemorrhagic Yes 0.88 0.91 0.99 2600 0.772
transplantation anti-encephalopathic . .
; diathesis
drugs, anti-coagulants
Progressive liver Propofol,
40 & i norepinephrine, Yes No No 0.97 0.91 1.04 2950 0.9075
amage
fluconazole
Extensive ulceration
Pulmonar of the duodenal
41 nary - No bulb, gastric hernia, No 0.98 1.07 1.11 2350 0.744
embolism ¢
liver cyst,
diverticular disease
transLincll’;ation Sufentanil, midazolam,
42 d p R norepinephrine, Yes No data No 1.0 1.2 1.15 2600 0.76
ue to toxic .
colistin,
damage
Primary
sclerosing Analeesics
43 cholangitis and . 8 Y No Kidney failure No 1.09 1.16 1.24 2950 0.893
norepinephrine

chronic liver
failure
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Table 1. Cont.
.. . The Mean
Reason for Drugs Admlmstel:ed . . R . Preoperative 24 h Postoperative 48 h Postoperative RBC.S Intracellular
No ST Intravenously during Dialysis Chronic Diseases Survival Mg . . Approximate N
Hospitalization e 1: 0 . Mg Concentration Mg Concentration Concentration in
Hospitalization Concentration Volume [mL]
Transfused RBCs
Esophageal varices,
anemia, chronic
44 Liver transplant Analgesics No pancreatitis, Yes 0.82 1.07 1.14 2950 1.07
hypertension,
diabetes mellitus
45 peﬁf;z}m Analgesics No Cirrhosis Yes 0.83 1.07 1.09 2950 0.793
Acute kidney Depression, acute
. . . . renal failure,
46 g‘l‘gigﬂi Dlure“;i'ﬂ’;lce;ﬁpenem' Yes hypertension, Yes 0.8 0.98 1.15 2950 0.75
oisonin alcohol dependence
P & syndrome
Cirrhosis and
47 proma’y Pressor amines Yes Esophageal varices, Yes 0.64 0.78 0.82 2950 0.723
sclerosing Graves’ disease
cholangitis
Inflammation
48 and Tacrolimus, pressor Yes No No 0.88 1.28 131 2600 0.873
deterioration of amines, propofol
kidney function
Portal hypertension,
Hepatic splenomegaly,
49 encephalopathy - No thrombocytopenia, Yes 0.67 0.89 0.68 2350 0.572

chronic pancreatitis,
diabetes mellitus
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Table 2. The association between the presence of factors potentially affecting magnesium
homeostasis and the serum magnesium concentration preoperatively, 24 h postoperatively, and

48 h postoperatively.
Factors Potentially Affecting Preoperativel 24h 48 h
Magnesium Homeostasis P y Postoperatively Postoperatively

Surgery p=0.29 p=0.88 p=0.09
Comorbidities p=0.11 p=0.99 p=0.88

Intravenous administration
of sedatives p=0.55 p <0.05 p <0.05

Intravenous administration
of diuretics p=0.11 p <0.05 p <0.05

Intravenous administration
of antimicrobials p=057 p=06 p=043
Dialysis p=0.13 p=0.65 p=078

The mean preoperative serum magnesium concentration was significantly lower
than 24 h postoperative (0.87 £ 0.13 vs. 1.02 £ 0.14, p < 0.00001) and 48 h postoperative
(0.87 £ 0.13 vs. 1.06 & 0.15, p < 0.00001) values (Figure 1A,B). There was a strong correlation
between the postoperative serum magnesium concentration and the volume of transfused
packed RBCs (R = 0.66, p < 0.05).

115

p < 0.0001
p < 0.0001 —

| 108

1.03

0.99

0.96

093

Total serum magnesium concentration

0490

087

083

Preoperative  24-h postoperative B Preoperative  48-h postoperative

Figure 1. (A) The difference in the total serum magnesium concentration between preoperative and
24 h postoperative values (p < 0.00001). (B) The difference in the total serum magnesium concentration
between preoperative and 48 h postoperative values (p < 0.00001).

Moreover, the incidence of hypermagnesemia increased significantly after a blood
transfusion from 16% (n = 8) of the study group up to 57% (n = 28) 24 h postoperatively
and 67% (n = 33) 48 h postoperatively (Figure 2).

There was no association between the preoperative serum magnesium concentration
and the outcome (p = 0.13). However, there were statistically significant associations
between the 24 h and 48 h postoperative serum magnesium concentrations and the outcome.
In both cases, patients who died had higher serum magnesium concentrations (Figure 3A).
Moreover, hypermagnesemia 24 h and 48 h postoperatively was found significantly more
often in patients who died (Figure 3B,C).
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1

p=0.3545 |
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W 48-h postoperative

Figure 2. Differences in the hypermagnesemia incidence before the massive transfusion and 24 h and
48 h postoperatively.

p<0.05

111 \
I .

p<0.05

113

I 1.03

Serum Mg concentration 24-h Serum Mg concentration 48-h

postoperatively

B Death ™ Survival

postoperatively

p<0.05

Death Survival

Serum Mg concentration 1.0 mmol/l 24-h postoperatively

B Serum Mg cocentration >1.0 mmol/l 24-h postoperatively

p<0.05

Death Survival

Serum Mg concentration 1.0 mmol/l 48-h postoperatively

B Serum Mg cocentration >1.0 mmol/l 48-h postoperatively

Figure 3. (A) Mean serum magnesium concentration depending on the outcome 24 h and 48 h
postoperatively (p < 0.05). (B) The difference in hypermagnesemia prevalence between patients who
died and survived 24 h postoperatively (p < 0.05). (C) The difference in hypermagnesemia prevalence
between patients who died and survived 48 h postoperatively (p < 0.05).

As kidney function influences the serum magnesium concentration, data on the cre-
atinine and eGFR of patients included in the study were collected. Increased creatinine
levels were common, occurring in 60% of the female patients (n = 12), with a median of
1.40 (0.94, 4.49) mg/dL, and in 59% of male patients (n = 17), with a median of 1.86 (1.17,
4.02) mg/dL. However, there was no statistically significant association with sex (p = 0.24).
Since only a few patients bleeding at admission were reported, an increased creatinine

concentration in the majority of patients was not associated with hypovolemia.
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Despite the increased creatinine levels among the patients included in the study, the
majority of our study group (84%, n = 41) had an eGFR in a range of one to three stages of
CKD, and only one-fifth (n = 8) had advanced CKD (stages 4-5).

However, there was a statistically significant average negative correlation between
the preoperative magnesium concentration and eGFR R = —0.34 (p < 0.05). On the other
hand, there was no statistically significant correlation between the preoperative magnesium
and creatinine concentrations (R = 0.26, p = 0.07). Furthermore, no statistically significant
correlation was found between either the total serum magnesium concentration 24 h
postoperatively and creatinine (R = 0.24, p = 0.1077) or eGFR (R = —0.24, p = 0.1), nor was
there one between the serum magnesium concentration 48 h postoperatively and creatinine
(R=0.26,p =0.79) or eGRF (R = —0.28, p = 0.55).

There was also no statistically significant difference in the mean preoperative, 24 h, and
48 h postoperative serum magnesium concentrations between the CKD stages, respectively
(p =0.68, p = 0.0675, p = 0.0538). Among patients that had an abnormal preoperative serum
magnesium concentration and advanced CKD with an eGFR lower than 29 (stages four to
five), only one had hypermagnesemia.

The intracellular magnesium concentration was measured in 231 packed RBC samples. The
median intracellular magnesium concentration in packed RBCs was 0.91 (0.55-1.8) mmol/L,
which is below the reference values of 1.65-2.65 mmol/L (18), whereas the mean mag-
nesium concentration in the preservative fluid was 0.214 + 0.036 mmol/L. Magnesium
levels below the reference values range were found in 198 (86%) samples, with a median
concentration of 0.9 (0.24-1.62) mmol/L; normomagnesemia was found in 32 (14%) sam-
ples, with a median concentration of 1.95 (1.66-2.4) mmol/L. There were no samples with
hypermagnesemia.

No correlation between the mean intracellular magnesium concentration in transfused
RBCs and the change in the serum magnesium concentration 24 h (R = 0.24, p = 0.1) and
48 h (R =0.008, p = 0.95) (Spearman’s correlation coefficient) postoperatively was found.

To confirm that the observed changes in the serum magnesium concentration were
not due to noninfectious transfusion-associated adverse events, potassium levels preopera-
tively and 24 h postoperatively were also analyzed. The mean potassium concentration
in our study group was 3.98 £ 0.6 mmol/L preoperatively and 4.47 £ 0.67 mmol/L 24 h
postoperatively. The hypokalemia prevalence decreased postoperatively from 22% (n = 11)
to 12% (n = 6) of the study group, whereas the hyperkalemia prevalence increased from
2% (n =1) to 20% (n = 10) of the enrolled patients. Out of those patients, 10 had hyper-
magnesemia. There was no association between hypermagnesemia occurrence and serum
potassium concentration either 24 h postoperatively (p = 0.18) or 48 h postoperatively
(p =0.36).

4. Discussion

In our study, preoperative serum magnesium concentration disturbances were found in
31% of patients, with hypermagnesemia being more common than hypomagnesemia—16%
and 14% of patients, respectively. Hypermagnesemia, although thought to be rare, is a
condition with an incidence of 1.78-10% in the hospital population [31,32]. However, it
seems to be substantially more frequent in the ICU department, with the incidence reaching
39.8% [33]. On the other hand, hypomagnesemia is usually found in a larger proportion of
hospitalized patients, 8.43-15%, which is in line with the incidence observed in our study
group [31,32].

Maintaining magnesium homeostasis requires shifts of magnesium ions between
the intracellular and extracellular spaces [34]. Serum magnesium levels are also tightly
regulated by kidneys, intestines, and bones [33]. However, in critically ill patients, nei-
ther regulatory mechanisms nor insulin supply function properly. Additionally, organ
dysfunctions are frequent [34]. Improper kidney function is one of the main causes of
dysmagnesemia. Renal wasting results in hypomagnesemia, and decreased glomerular
filtration causes hypermagnesemia. The latter can also be a result of cell and tissue damage,
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sepsis, hypothyroidism, Addison’s disease, or lithium treatment [33]. The former can be
caused by gastrointestinal abnormalities or medicines, such as loop diuretics, thiazides,
cisplatin, or proton pump inhibitors [8].

Although 90% of our study group was treated for chronic illnesses before hospital-
ization (the aforementioned diseases associated with a higher incidence of magnesium
homeostasis disorders, among others), there was no association between the presence of
comorbidities and the mean serum magnesium concentration at any time of the hospitaliza-
tion. However, the serum magnesium concentration seems to be a better tool for observing
sudden changes in the body than for the assessment of its magnesium status [12]. However,
there were associations between the 24 h and 48 h postoperative serum magnesium con-
centrations and sedatives and diuretics intravenous administration. In both cases, patients
who received medications had higher serum magnesium concentrations. Based on the
literature data, sedative drugs do not affect magnesium homeostasis; however, not every
patient in our study group received a sedative drug. Therefore, the study group may be too
small to draw valid conclusions from this observation [35-37]. As for loop diuretics, e.g.,
furosemide, which was most commonly administered to patients in our study group, their
use was also associated with an increased serum magnesium concentration in a study by
Kieboom et al. [38].

There was no significant difference in the serum magnesium concentration between
patients that were operated on and those that had massive RBCs transfusion administered
because of other reasons. This is contrary to the observations of other researchers, who
reported a decrease in serum magnesium concentrations after surgeries [8,15].

In our study group, 46% of patients had an eGFR of 60 or more, which can already
mean CKD stage 1 (90-60 mL/min/1.73 m?) but is still associated with proper kidney
function [39]. Furthermore, another 36% had CKD stage 3, and at this stage, compensatory
mechanisms should maintain a normal serum magnesium concentration [10,40]. Among
patients with advanced CKD (eGFR < 30), only one had hypermagnesemia, and no one
had hypomagnesemia. Additionally, we did not find statistically significant differences in
the serum magnesium concentration between patients at different stages of CKD, which is
contrary to the results of Coburn et al. [41]. However, advanced CKD was not common
in our study group, so we can only state that decreased glomerular filtration was not
associated with an increased pre- or postoperative serum magnesium concentration in
our study. Although around 60% of enrolled patients had increased creatinine levels, it is
not the best indicator of kidney function, as an elevated creatinine concentration can be
caused by a diet rich in animal protein, large muscle mass, and some medicaments [39].
Additionally, in most patients from our study group, the abnormal serum magnesium
levels did not develop until post-transfusion.

Massive blood transfusion resulted in a significantly elevated incidence of hypermag-
nesemia both 24 h and 48 h postoperatively (p < 0.00001). Furthermore, there was a strong
correlation between the volume of transfused packed RBCs and the serum magnesium
concentration (R = 0.66, p < 0.05). This result is in stark contrast to those obtained by
other researchers, who found a significant reduction in the concentration of magnesium
in the serum of patients after blood transfusion [24,25]. Moreover, elevated magnesium
levels were associated with the outcome. In our study, patients who died had significantly
higher serum concentrations of magnesium both 24 h and 48 h postoperatively. Moreover,
hypermagnesemia was more common in patients who died. This is in line with our earlier
studies’ results but also with other researchers’ observations [11,33,42—-44].

One plausible explanation is that the increased postoperative serum magnesium
concentration was a result of hemolysis, as it would release magnesium ions. Hemolytic
transfusion reactions are listed among noninfectious transfusion complications [45]. Acute
hemolysis is always caused by an immune reaction and happens within 24 h of transfusion.
However, it is a rather rare complication with an incidence of 1 to 5 per 50,000 transfusions.
In our study group, hypermagnesemia affected 57% of patients 24 h postoperatively and
67% of patients 48 h postoperatively [46]. Acute complications associated with massive
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blood transfusion also include hypo- and hyperkalemia [2]. However, those disturbances
were not common, as hypokalemia was found in 12% and hyperkalemia was found in 20%
of the patients. Notwithstanding, hemolysis may be caused by other factors, such as fluid
warmers [47]. The warming of fluids during transfusion is a procedure performed in order
to avoid hypothermia, another blood transfusion complication. Blood warming is generally
safe and causes only mild hemolysis, with no clinical impact on the patients [47]. Moreover,
it would explain why the serum magnesium concentration increased postoperatively, even
though hypomagnesemia was found in 86% of packed red cells.

An intracellular magnesium concentration below the reference values range is an
indicator of a low body magnesium status [14]. Although it was believed for years that the
intracellular magnesium concentration is stable, it is now known that the concentration of
magnesium inside the cells can be influenced by hormones and other factors and even due
to a decreased concentration in the blood serum, which causes the displacement of ions
from the intracellular to the extracellular space [23,48]. While hypomagnesemia in RBCs
can be a result of the low body magnesium status of a donor, it can also be caused by ex
vivo changes due to the production process and storage [49]—for example, the usage of
anticoagulants and additional solutions that extend the durability of the preparation [5].
All of those currently in use have an acidic pH (~5.6-5.8), whereas the physiological pH
of blood is 7.3. During the first days of storage, the buffering capacity of the RBC allows
them to adjust the pH, but it does not last for long. The pH of RBC increases gradually to
approximately 6.5 after 6 weeks of storage [50]. This lower pH value alters the generation
of adenosine 5'-triphosphate (ATP), vital for RBC’s survival, and 2,3-diphosphoglycerate
(2,3-DPG), needed for oxygen transportation. Furthermore, RBCs’ biochemistry changes in
this altered environment, including mechanisms of ion and osmotic channels [51]. Another
issue is that RBCs’ susceptibility to storage-related damage may be linked to a donor.
Lifestyle components, like physical activity, diet, alcohol consumption, and smoking, but
also age and sex, influence the RBCs quality [52-55].

Among the measures used to assess the RBCs quality, the main focus is on the refriger-
ator temperature, residual leucocyte counts, and visible hemolysis. Biochemical ones, like
ATP, 2,3-DGP, potassium, and calcium levels, also have such applications but are not so
widely used, as they require more specialized methods of measurement and do not reflect
all storage-related changes [56]. On the other hand, the magnesium concentration in blood
products is not measured at all. For that reason, the comparison of the obtained results with
those of other researchers is not possible. However, if the mean magnesium concentration
in the preservative fluid was 0.214 £ 0.036 mmol/L, magnesium ions probably had not
shifted from the intracellular to the extracellular space, and the reason for hypomagnesemia
in transfused RBCs could be the hypomagnesemia of the donors.

Hypomagnesemia in healthy people, as blood donors must be, is usually a result of
an inadequate magnesium intake [57]. This can be partly explained by the fact that soils
are less rich in this mineral, and therefore, the magnesium content of agricultural produce
is lower than it used to be. In addition, some magnesium is lost through food processing,
which makes it difficult to meet the demand for this mineral [58]. Another factor that could
be the cause of common hypomagnesemia in healthy people who decided to donate blood
is stress [59]. There is a concept of a magnesium and stress vicious circle, in which stress
causes increased magnesium loss and, as a result, its deficiency, which in turn negatively
impacts the body’s response to stressors [60]. This theory fits the fact that magnesium
deficiency and stress affect an increasing part of developed societies, and the symptoms
of both of these conditions are very similar, including fatigue, irritability, gastrointestinal
disorders, and headaches [59]. However, the diagnosis of this disorder may be a matter of
the cut-off points used, as there is still some uncertainty about the values that should be
adopted when trying to assess the magnesium concentration in RBCs [23].

The lack of a correlation between the mean magnesium concentration in transfused
RBCs and the change in the serum magnesium concentration 24 h and 48 h postoperatively
could be a result of mild hemolysis, which is suspected to be the reason for the postopera-
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tively increased serum magnesium concentration. The release of intracellular magnesium
cations could temporarily increase the concentration of this mineral in the serum and mask
the effect of mostly hypomagnesemic transfused red blood cells.

The study has certain strengths that are worth mentioning. First, to our knowledge,
it is the first study to assess changes in the serum magnesium concentration after trans-
fusion while assessing the magnesium concentration in packed RBCs that were used for
transfusion at the same time. Second, there are limited data on abnormal intracellular
concentrations of magnesium in healthy people, and our results might shed some light on
this matter.

5. Conclusions

Massive blood transfusions significantly affect the serum magnesium concentration;
however, it may rather be a result of mild hemolysis than an influence of the intracellular
magnesium concentration in packed red cells. The postoperative serum magnesium con-
centration was higher, and hypermagnesemia was significantly more prevalent in patients
who died. Therefore, it might be a parameter that should be monitored in patients after
massive transfusions. Despite the common intracellular deficit of magnesium in packed
red blood cells, its concentration does not influence magnesium levels in the extracellular
fluid of transfused patients.
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To the Editor,

Calcium, magnesium, and phosphorus are the most important minerals in the human
organism. Although their functions differ, they have joint regulation, and the clinical
complications resulting from their abnormal concentrations are similarly dangerous [1].
Disturbances in mineral homeostasis lead to serious disorders of the nervous, cardiovascular,
and respiratory systems. Uncontrolled dyscalcemia, dysmagnesemia, and dysphosphatemia
are common in the hospital population and are associated with an increased risk of death [2-
4]. However, scientific data concerning the incidence of these disorders in the hospital
population are considered underestimated; moreover, reports concerning the influence of

mineral disturbances on mortality in the course of primary diseases not originally connected



with calcium-magnesium-phosphate homeostasis are inconclusive. Additionally, new data on
the causes of calcium-magnesium-phosphate metabolism disorders are emerging.
Hypermagnesemia is believed to be a rare disorder that is most often caused by advanced
renal failure. However, new observations provide other facts, e.g., that hypermagnesemia is
common in other groups of patients, including those hospitalized with COVID-19 or after
massive transfusions [5, 6]. The new data and the lack of consistency in previous
observations prompted us to analyze calcium-magnesium-phosphate metabolism disorders in

the hospitalized patient population in Warsaw.

We performed a retrospective analysis of dyscalcemia, dysmagnesemia, and
dysphosphatemia, their incidence, factors influencing their occurrence, and their association
with reasons for hospitalization and outcome. The study group consisted of 4111 patients
hospitalized at the Central Clinical Hospital of the Warsaw Medical University between
January 2018 and December 2021. Inclusion criteria were: (i) tested total calcium,
magnesium, phosphate and albumin concentrations at admission, (ii) available information on
the reason and result of hospitalization in the hospital database. When possible, information
on chronic diseases and chronically used medications was also collected from the hospital
database and included in the analysis. The exclusion criteria were data gaps that made it

impossible to determine the patient's age, reason, and outcome of the hospitalization.

Most of the patients included in the study had normal concentrations of the tested parameters,
with hypercalcemia (40.4%) and hypomagnesemia (22.1%) being the most common
disturbances (Table 1). The incidence of abnormal calcium concentrations was very different
from the results obtained by Catalano et al. (4.8% vs. 27.72% for hypocalcemia and 40.3%
vs. 4.74% for hypercalcemia) [7]. Regarding dysmagnesemia, its incidence was very similar
to that observed by Cheungpasitporn et al. (22.1% vs. 20.2% for hypomagnesemia and 10.2%

vs. 12% for hypermagnesemia) [8]. Whereas hypophosphatemia was fairly common



compared to the incidence described among another group of hospitalized patients (9.0% vs.
2.2-3.1%) [9]. Finally, the incidence of hyperphosphatemia was similar to that reported by

Thongprayoon et al. (8.8% vs. 12%) [10].

Table 1. The mean concentrations of calcium, magnesium and phosphorus and the percentage of results below,
in and above the range of reference values.

Calcium Magnesium Phosphorus
Mean concentration + 2.59+0.43 0.82+0.12 1.15+0.33
SD
Concentration below the 4.8 22.1 9.0
reference value range (%
of the group)
Concentration in the 54.9 73.8 82.2
reference value range (%
of the group)
Concentration above the 40.3 4.1 8.8
reference value range (%
of the group)

In our study, significant associations were found between serum calcium, magnesium, and
phosphate concentrations and reason for hospitalization, comorbidities, and chronically used
medications, and these observations were mostly consistent with data from the literature.
Especially parathyroid and liver diseases as a reason for hospitalization (Table S1), and
comorbidities (Table S2) were associated with changes in serum concentrations of the
parameters studied. Among medications, spironolactone, ursodeoxycholic acid, and loop
diuretics had the greatest influence (Table S3). Furthermore, polypharmacy was associated
with significant differences in serum concentration of the analyzed parameters. Patients who
used more than one medication had significantly higher concentrations of calcium and
phosphate and a lower concentration of magnesium. Furthermore, among these patients, there
were significantly more occurrences of hypercalcemia (p<0.001), hyperphosphatemia
(p<0.0001), and hypomagnesemia (p<0.00001). Based on acquired data it cannot be

determined if polypharmacy resulted with or from disturbances in electrolytes imbalance.



Interestingly, magnesium supplements were not associated with serum magnesium

concentration (Table S4).

However, in linear regression models, only a few variables were found to be significantly
correlated with serum calcium, magnesium, and phosphate concentrations. In the case of
serum calcium concentration, there were positive correlations with outcome, and liver
diseases and negative correlations with planned admission and calcium supplementation

(Table S5).

Serum magnesium concentration was positively correlated with outcome and chronic kidney
disease, and negatively correlated with diabetes mellitus, liver and bile duct diseases,

immunosuppressives, and potassium supplementation (Table S6).

Finally, there were positive correlations between serum phosphate concentration and chronic
kidney disease (as a comorbidity), kidney disease (as a reason for hospitalization),
magnesium supplementation, calcium supplementation, outcome and ursodeoxycholic acid,

and a negative correlation with age (Table S7).

Linear regression analysis narrowed the list of factors that significantly influence calcium,
magnesium, and phosphate concentrations. Interestingly, for the calcium only outcome,
planned admission, calcium supplementation, and liver diseases remained significant, which
is only partially consistent with scientific data but surprising in the context of the lack of
correlation with hyperparathyroidism [2]. In the case of serum magnesium concentration, the
correlations with outcome, diabetes mellitus, liver and bile duct diseases, chronic kidney
disease, and also with immunosuppressives, are in line with the observations of other
researchers [1, 3]. As for potassium supplementation, it was unusual. It may be related to the
fact that many patients with hypertension use potassium supplements; however, there was no

correlation between serum magnesium concentration and hypertension in the linear



regression analysis, which was also surprising, since hypertension is one of the most common
reasons reported as a cause of dysmagnesemia. The serum phosphate concentration was
correlated with kidney diseases, including chronic kidney disease, and the outcome, which
was consistent with the data from the literature [9]. However, there were also significant
correlations with age, calcium and magnesium supplementation, and ursodeoxycholic acid,
and there were no other scientific reports describing such correlations. Perhaps these new

observations should be further investigated.

Abnormal concentrations of the parameters studied were also associated with an increased
risk of death. It was higher for values above the reference range, for example, more than five
times for hypercalcemia, almost five times for hypermagnesemia, and 3.5-fold for
hyperphosphatemia (Table 2). Our observations are consistent with the results of other

researchers [2-4].

Table 2. The odds ratio of death due to changes in the parameters studied.

OR 95% CI
Hypocalcemia 0.6650 0.3582-1.2347
Hypercalcemia 5.4319 4.1778-7.0623
Hypomagnesemia 1.2986 1.0044-1.6790
Hypermagnesemia 4.8760 3.4136-6.9649
Hypophosphatemia 1.8293 1.3195-2.5360
Hyperphosphatemia 3.5339 2.6565-4.7012

In conclusion, many factors, especially liver, kidney and parathyroid diseases, gastrointestinal
conditions, and the use of spironolactone were significantly associated with calcium,
magnesium, and phosphate concentrations in the population of hospitalized patients in
Warsaw. However, in linear regression analysis, many of them have lost their relevance,
including those considered important risk factors for calcium, magnesium, and phosphate

homeostasis disturbances. Perhaps it is time for a reappraisal and more individualized



assessment of the risk of developing life-threatening disturbances of calcium, magnesium and

phosphate balance.
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Table S1. Associations between serum calcium, magnesium, and phosphate concentrations and the reason for

hospitalization.
Reason for Serum calcium Serum magnesium Serum phosphate
hospitalization concentration concentration concentration
Cancer p=0.098 p=0.37 A p<0.001
Bile duct diseases p=0.41 v p=0.03 p=0.59
Pancreatic disesases p=0.41 p=0.69 p=0.24
Kidney diseases v p<0.001 p=0.25 A p<0.0000001
Cardiovascular diseases p=0.58 p=0.82 p=0.83
Diabetes mellitus p=0.66 v p<0.001 p=0.18
Neurological disorders p=0.83 p=0.33 p=0.49
Liver diseases A $<0.0000001 v p<0.0001 A 1$<0.0001
Obesity v p<0.000001 p=0.19 p=0.71
Bariatric surgery v p<0.001 p=0.19 p=0.93
Parathyroid diseases 4 p<0.00001 A p<0.0001 v p<0.0000001
Injury p=0.91 p=0.24 p=0.31
Cardiovascular event p=0.27 p=0.61 p=0.35
Gastrointestinal Ap=0.027 p=0.3 v p<0.001
conditions
Infection A p<0.001 p=0.46 p=0.53
AKI p=0.13 p=0.53 p=0.29

Table S2. Associations between serum calcium, magnesium, and phosphate concentrations and comorbidities.

Chronic diseases Serum calcium Serum magnesium Serum phosphate
concentration concentration concentration
Cancer p=0.27 p=0.25 p=0.19
Hashimoto p=0.43 A p<0.001 p=0.68
Pancreatic disesases p=0.09 p=0.37 p=0.07
Chronic kidney disease p=0.54 p=0.15 A p<0.0000001
Cardiovascular diseases p=0.06 v p<0.001 p=0.49
Hypertension p=0.37 v p=0.01 p=0.60
Diabetes mellitus p=0.83 v p<0.0000001 p=0.23
Neurological disorders p=0.11 p=0.25 p=0.01
Epilepsy p=0.85 p=0.47 p=0.035
Liver and bile duct p=0.20 v p<0.0000001 p=0.14
diseases
Hepatocellular p=0.08 v p<0.0001 p=0.12
carcinoma (HCC)
Liver cirrhosis without A p<0.000001 v p<0.0000001 p=0.48
hepatocellular carcinoma
Obesity v p<0.00001 p=0.70 p=0.16
Parathyroid diseases A p<0.00001 A 1$<0.00001 p<0.0000001
Hyperparathyroidism A 1$<0.0000001 A p<0.0000001 v p<0.0000001
Hypoparathyroidism v p<0.0001 p=0.13 p<0.001
Kidney stones p=0.94 p=0.71 p=0.27
Gallstones p=0.65 p=0.70 p=0.24
Anemia p=0.43 p<0.001 A p<0.001
Gastrointestinal diseases p=0.12 p=0.42 p=0.26
Depression p=0.85 p=0.91 p=0.55




Table S3. Associations between serum calcium, magnesium, and phosphate concentrations and chronically used

medicines.

Medications Serum calcium Serum magnesium Serum phosphate
concentration concentration concentration

Proton pump inhibitors A p<0.001 p=0.24 p=0.13
Statins p=0.77 p=0.56 p=0.94
Glucocorticoids p=0.13 p=0.18 A p=0.02
Anticoagulants p=0.48 p=0.3 p=0.48
Heparin p=0.05 p=0.37 p=0.81
Rivaroxaban p=0.88 p=0.75 p=0.88
Vitamin K inhibitors p=0.97 p=0.09 p=0.22
Salicylic acid p=0.06 p=0.98 p=0.75
Ursodeoxycholic acid p=0.056 v p=0.035 A $<0.0001
Hypoglycemic drugs p=0.73 v p<0.001 p=0.44
Metformin p=0.34 v p=0.02 p=0.75
Sulfonylurea derivative p=0.22 v p=0.02 p=0.98
Insulin p=0.58 v p<0.0001 p=0.13
Levothyroxine p=0.91 p=0.77 p=0.06
Milurit p=0.88 p=0.63 p=0.59
Hypotensive drugs p=0.28 p=0.37 p=0.15
Spironolactone A p<0.0001 v p=0.02 A p=0.01
Loop diuretics A p<0.001 p=0.32 A 1p<0.001
Beta-blockers p=0.36 p=0.82 4 p=0.008
Angiotensin II receptor p=0.55 p=0.87 p=0.08
antagonists
Calcium antagonists p=0.06 p=0.71 p=0.08
Thiazides p=0.64 p=0.08 p=0.59
Angiotensin-converting p=0.14 p=0.11 p=0.68
enzyme inhibitors
Antidepressants p=0.09 p=0.71 p=0.39
Non-steroidal anti- p=0.08 p=0.22 p=0.89
inflammatory drugs
Glycosides p=0.49 p=0.35 p=0.33
Antihistamines p=0.74 p=0.43 p=0.7
Immunosuppressive p=0.88 v p<0.001 p=0.85
drugs
Chemotherapy p=0.86 p=0.29 p=0.94
Antibiotics A1p=0.036 p=0.12 p=0.11

Table S4. Associations between mineral or vitamin preparations intake and serum calcium, magnesium, and

phosphate concentrations.

Magnesium Calcium intake | Vitamin D Iron intake Potassium
intake intake intake
Serum calcium | 2.6 +0.46 245+0.4 2.51+£0.38 2.55+0.4 2.66 +0.44
concentration mmol/L vs 2.59 | mmol/Lvs2.6 | mmol/Lvs2.6 | mmol/Lvs2.59 | mmol/L vs2.58
+0.42 mmol/L, | = 0.43 mmol/L, | +0.44 mmol/L, | +0.43 mmol/L, | £+ 0.43 mmol/L,
p=0.63 p<0.00001 p<0.001 p=0.5 p=0.028
Serum 0.82+0.13 0.81+0.11 0.82+0.11 0.81+£0.14 0.79 £ 0.13
magnesium mmol/L vs 0.82 | mmol/L vs 0.82 | mmol/L vs 0.82 | mmol/L vs 0.82 | mmol/L vs 0.82
concentration +0.13 mmol/L, | £0.13 mmol/L, | £0.13 mmol/L, | = 0.13 mmol/L, | + 0.13 mmol/L,
p=0.67 p=0.43 p=0.78 p=0.58 p<0.0001
Serum 1.2+0.37 1.27+0.35 1.2+0.35 1.16£0.37 1.13+£0.3
phosphate mmol/L vs 1.13 | mmol/L vs 1.15 | mmol/L vs 1.15 | mmol/Lvs 1.16 | mmol/L vs 1.16
concentration + 0.3 mmol/L, + 0.33 mmol/L, | = 0.33 mmol/L, | £0.33 mmol/L, | + 0.33 mmol/L,
p<0.0000001 p<0.00001 p=0.009 p=0.96 p=0.26




Table S5. Linear regression model for calcium.

Coefficient Standard | t p-Value | 95% CI
error
Constant 2.5478 0.037 67.997 0.0001 2.474 t0 2.621
Outcome 0.4258 0.035 12.315 0.0001 0.358 to 0.494
Planned admission -0.1308 0.019 -6.897 0.0001 -0.168 to -0.094
Calcium supplementation -0.1287 0.037 -3.509 0.0001 -0.201 to -0.057
Liver diseases 0.1683 0.042 4.020 0.0001 0.086 to 0.25
Table S6. Linear regression model for magnesium.
Coecfficient Standard | t p-Value 95% CI
error
Constant 0.8294 0.004 232.040 | 0.0001 0.822 t0 0.836
Diabetes mellitus -0.0339 0.007 -5.152 0.0001 -0.047 to -0.021
Outcome 0.0421 0.01 4.045 0.0001 0.022 to0 0.063
Liver and bile duct diseases -0.0264 0.007 -3.876 0.0001 -0.04 t0 -0.013
Immunosuppressives -0.1297 0.037 -3.551 0.0001 -0.201 to -0.058
Potassium supplementation -0.0343 0.009 -3.722 0.0001 -0.052 to -0.016
Chronic kidney disease 0.0348 0.01 3.604 0.0001 0.016 t0 0.054
Table S7. Linear regression model for phosphate
Coefficient Standard | t p-Value 95% CI
error
Constant 1.2553 0.026 47.531 0.0001 1.204 to 1.307
Chronic kidney disease 0.1694 0.026 6.622 0.0001 0.119t0 0.22
Kidney discases 0.2624 0.049 5.35 0.0001 0.166 t0 0.359
Magnesium supplementation 0.0482 0.015 3.191 0.001 0.0191t0 0.078
Age -0.0024 0.000 -6.011 0.0001 -0.003 to -0.002
Calcium supplementation 0.0597 0.029 2.033 0.042 0.002t0 0.117
Outcome 0.1131 0.027 4.199 0.0001 0.06 to 0.166
Ursodeoxycholic acid 0.1231 0.046 2.692 0.007 0.033t00.213
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9. Spis
Tabela 1.

Tabela 2.
Tabela 3.
Tabela 4.
Tabela 5.
Tabela 6.
Tabela 7.

Tabela 8.

tabel

Zawarto$¢ wapnia, magnezu i fosforu w wybranych produktach spozywczych 16

Przyczyny hipokalcemii zalezne i niezalezne od PTH

Objawy hipokalcemii w zaleznosci od jej przebiegu i zrodta objawow
Przyczyny hiperkalcemii

Objawy hipomagnezemii

Przyczyny hipofosfatemii

Objawy hipofosfatemii

Przyczyny hiperfosfatemii

22

24

25

27

29

30

31
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10. Spis rycin

Rycina 1. Regulacja st¢zenia wapnia 18
Rycina 2. Regulacja st¢zenia magnezu 20
21

Rycina 3. Regulacja st¢zenia fosforanéw
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11. Kwestie etyczne

Badania stanowigce cykl prac w niniejszej rozprawie doktorskiej miaty charakter
retrospektywny 1 byly przeprowadzone zgodnie wytycznymi Komisji Bioetycznej
Warszawskiego Uniwersytetu Medycznego. Opisane badania nie stanowily eksperymentu
medycznego w rozumieniu art. 21 ust. 1 ustawy z dnia 5 grudnia 1996 r. o zawodach lekarza i
lekarza dentysty (Dz. U. z 2018 r. poz. 617) i nie wymagaly uzyskania opinii Komisji
Bioetycznej przy Warszawskim Uniwersytecie Medycznym, o ktorej mowa w art. 29 ust. 1 ww.

ustawy.
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12. Zaswiadczenia wspotautoréw publikacji o udziale procentowym
W przygotowaniu pracy naukowe;j
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mgr Milena Matecka-Gietdowska Warszawa, data 29 02. 7‘02/4 ’

Zaktad Medycyny Laboratoryjnej
Wydziat Farmaceutyczny
Warszawski Uniwersytet Medyczny
ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspédtautor pracy “Malinowska J, Matecka-Gietdowska M, Ciepiela O. Dysmagnesemia Is the Most
Common Disturbance of the Calcium—-Magnesium—Phosphorous Balance among Older Hospitalized
People in Warsaw. Nutrients 2021: 13(10):3395” doi: 10.3390/nu13103395; 140 pkt MEIN, IF 5.9,

niniejszym zaswiadczam, iz Justyna Malinowska byta wiodgcym wspotautorem pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Paniag mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udzial poszczegélnych autordw w przygotowaniu publikacji:

Malinowska Justyna — 70%, Matecka-Gietdowska Milena — 15%, Ciepiela Olga — 15%.




prof. dr hab. n. med. in. o zdr. Olga Ciepiela Warszawa, data .2(,0?- Loty
Zaktad Medycyny Laboratoryjnej

Wydziat Farmaceutyczny

Warszawski Uniwersytet Medyczny

ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspotautor pracy “Malinowska J, Matecka-Gietdowska M, Ciepiela O. Dysmagnesemia Is the Most
Common Disturbance of the Calcium—Magnesium—Phosphorous Balance among Older Hospitalized
People in Warsaw. Nutrients 2021: 13(10):3395” doi: 10.3390/nu13103395; 140 pkt MEIN, IF 5.9,

niniejszym zaswiadczam, iz Justyna Malinowska byta wiodgcym wspodtautorem pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegélnych autorow w przygotowaniu publikacji:

Malinowska Justyna — 70%, Matecka-Gietdowska Milena ~ 15%, Ciepiela Olga — 15%.

KIEROWNIK
Zaklad Medycynv Lahoratoryjnej
kiego Uni




mgr Milena Matecka-Gietdowska Warszawa, data }-8 02- 292‘¢f

Zaktad Medycyny Laboratoryjnej
Wydziat Farmaceutyczny
Warszawski Uniwersytet Medyczny
ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspdtautor pracy “Malinowska J, Matecka-Gietdowska M, Barikowska D, Borecka K, Ciepiela O.
Hypermagnesemia and hyperphosphatemia are highly prevalent in patients with COVID-19 and
increase the risk of death. Int J Infect Dis 2022:122:543-549" doi: 10.1016/].i}id.2022.06.057; 100 pkt

MEIN, IF 8.4, niniejszym zaswiadczam, iz Justyna Malinowska byta wiodgcym wspotautorem pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegdlnych autoréw w przygotowaniu publikacji:

Malinowska Justyna — 65%, Matecka-Gietdowska Milena ~ 15%, Barikowska Diana — 2.5%, Borecka

Kinga — 2.5%, Ciepiela Olga — 15%.
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Barikowska Diana Warszawa, data /5.0 1.202 i
Studenckie Koto Medycyny Laboratoryjnej
Warszawski Uniwersytet Medyczny

ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspétautor pracy “Malinowska J, Matecka-Gietdowska M, Barikowska D, Borecka K, Ciepiela O.
Hypermagnesemia and hyperphosphatemia are highly prevalent in patients with COVID-19 and
increase the risk of death. Int J Infect Dis 2022:122:543-549"” doi: 10.1016/j.ijid.2022.06.057; 100 pkt

MEiN, IF 8.4, niniejszym zaswiadczam, iz Justyna Malinowska byta wiodgcym wspdtautorem pracy.

Jednoczeénie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udzial poszczegéinych autoréw w przygotowaniu publikacji:
Malinowska Justyna — 65%, Matecka-Gietdowska Milena — 15%, Barikowska Diana — 2.5%, Borecka

Kinga — 2.5%, Ciepiela Olga — 15%.
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Borecka Kinga Warszawa, data du.0A. 2024

Studenckie Koto Medycyny Laboratoryjnej
Warszawski Uniwersytet Medyczny
ul. Banacha 1A

02-097 Warszawa
Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspétautor pracy “Malinowska J, Matecka-Gietdowska M, Bankowska D, Borecka K, Ciepiela O.
Hypermagnesemia and hyperphosphatemia are highly prevalent in patients with COVID-19 and
increase the risk of death. Int J Infect Dis 2022:122:543-549" doi: 10.1016/}.ijid.2022.06.057; 100 pkt

MEIN, IF 8.4, niniejszym zaswiadczam, iz Justyna Malinowska byta wiodacym wspotautorem pracy.

Jednoczeénie wyrazam zgode na wykorzystanie przez Panig mgr Justyng Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegélnych autorow w przygotowaniu  publikacji:
Malinowska Justyna — 65%, Matecka-Gietdowska Milena — 15%, Barikowska Diana — 2.5%, Borecka

Kinga — 2.5%, Ciepiela Olga — 15%.
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prof. dr hab. n. med. in. o zdr. Olga Ciepiela Warszawa, data 2¥. OZ. 397/1
Zaktad Medycyny Laboratoryjnej

Wydziat Farmaceutyczny

Warszawski Uniwersytet Medyczny

ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspdtautor pracy “MalinowskaJ, Matecka-Gietdowska M, Barnkowska D, Borecka K, Ciepiela O.
Hypermagnesemia and hyperphosphatemia are highly prevalent in patients with COVID-19 and
increase the risk of death. Int J Infect Dis 2022:122:543-549” doi: 10.1016/j.ijid.2022.06.057; 100 pkt

MEIN, IF 8.4, niniejszym zaswiadczam, iz Justyna Malinowska byta wiodacym wspdétautorem pracy.

Jednoczeénie wyrazam zgode na wykorzystanie przez Panig mgr Justyng Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegélnych autoréw w przygotowaniu publikacji:
Malinowska Justyna — 65%, Matecka-Gietdowska Milena — 15%, Bankowska Diana — 2.5%, Borecka

Kinga — 2.5%, Ciepiela Olga ~ 15%.
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mgr Milena Matecka-Gietdowska Warszawa, data 28 OZ_ 2o0lMr
Zaktad Medycyny Laboratoryjnej

Wydziat Farmaceutyczny

Warszawski Uniwersytet Medyczny

ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspétautor pracy “Malinowska J, Matecka-Gietdowska M, Pietrucha K, Gorska G, Kogut D,
Ciepiela O. Massive Transfusion Increases Serum Magnesium Concentration. | Clin Med 2023:
12(15):5157” doi: 10.3390/jcm12155157; 140 pkt MEIN, IF 3.9, niniejszym zaswiadczam, iz Justyna

Malinowska byta wiodgcym wspdtautorem pracy.

Jednoczeénie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegdlnych autoréw w przygotowaniu publikacji:
Malinowska Justyna — 66%, Matecka-Gietdowska Milena — 14%, Pietrucha Katarzyna — 2%, Gdrska

Gabriela — 2%, Kogut Dagmara — 2%, Ciepiela Olga — 14%.



Pietrucha Katarzyna Warszawa, data 2 g O/[ X/OZU( r
Studenckie Kote Medycyny Laboratoryjnej

Warszawski Uniwersytet Medyczny

ul. Banacha 1A

" 02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

lako wspotautor pracy “Malinowska J, Matecka-Gietdowska M, Pietrucha K, Gdrska G, Kogut D,
Ciepiela O. Massive Transfusion Increases Serum Magnesium Concentration. ) Clin Med 2023:
12(15):5157” doi: 10.3390/jcm12155157; 140 pkt MEIN, IF 3.9, niniejszym zaswiadczam, iz Justyna

Malinowska byta wiodgcym wspotautorem pracy.

Jednoczednie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacii
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

" w dyscyplinie nauki o zdrowiu.
- . - [

Przedstawiam procentowy udzial poszczegdlnych autorédw w  przygotowaniu publikaci:

Malinowska Justyna — 66%, Matecka-Gietdowska Milena — 14%, Pietrucha Katarzyna — 2%, Gadrska

ve)
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Gabriela — 2%, Kogut Dagmara — 2%, Ciepizla Olga — 14%.




Gorska Gabriela Warszawa, data 02 8 O/’ . 922302,21\“.

Studenckie Koto Medycyny Laboratoryjnej
Warszawski Uniwersytet Medyczny
ul. Banacha 1A

02-097 Warszawa
Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspoétautor pracy “Malinowska J, Matecka-Gietdowska M, Pietrucha K, Gérska G, Kogut D,
Ciepiela O. Massive Transfusion Increases Serum Magnesium Concentration. J Clin Med 2023:
12(15):5157” doi: 10.3390/jcm12155157; 140 pkt MEIN, IF 3.9, niniejszym zaswiadczam, iz Justyna

Malinowska byta wiodgcym wspdtautorem pracy.

Jednoczeénie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowskg publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegdlnych autoréw w przygotowaniu publikacji:
Malinowska Justyna — 66%, Matecka-Gietldowska Milena — 14%, Pietrucha Katarzyna — 2%, Goérska

Gabriela — 2%, Kogut Dagmara — 2%, Ciepiela Olga — 14%.
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mgr Kogut Dagmara Warszawa, data /£ 03 2024
Laboratorium Centralnego Szpitala Klinicznego

Uniwersyteckie Centrum Kliniczne WUM

ul. Banacha 1A

02-097 Warszawa
Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowe;j

Jako wspdtautor pracy “Malinowska J, Matecka-Gietdowska M, Pietrucha K, Gdrska G, Kogut D,
Ciepiela O. Massive Transfusion Increases Serum Magnesium Concentration. J Clin Med 2023:
12(15):5157” doi: 10.3390/jcm12155157; 140 pkt MEIiN, IF 3.9, niniejszym zaswiadczam, iz Justyna

Malinowska byta wiodgacym wspdtautorem pracy.

Jednoczeénie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udzial poszczegdlnych autorow w przygotowaniu publikacji:
Malinowska Justyna — 66%, Matecka-Gietdowska Milena — 14%, Pietrucha Katarzyna — 2%, Gérska

Gabriela — 2%, Kogut Dagmara — 2%, Ciepiela Olga — 14%.

Podpis



prof. dr hab. n. med. in. o zdr. Olga Ciepiela Warszawa, data 04 ©Z. LOZ4

Zaktad Medycyny Laboratoryjnej
Wydziaft Farmaceutyczny
Warszawski Uniwersytet Medyczny
ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspotautor pracy “Malinowska J, Matecka-Gietdowska M, Pietrucha K, Gérska G, Kogut D,
Ciepiela O. Massive Transfusion Increases Serum Magnesium Concentration. J Clin Med 2023:
12(15):5157” doi: 10.3390/jcm12155157; 140 pkt MEIN, IF 3.9, niniejszym zaswiadczam, iz Justyna

Malinowska byta wiodgcym wspdtautorem pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegdlnych autorow w przygotowaniu publikacji:
Malinowska Justyna — 66%, Matecka-Gietdowska Milena — 14%, Pietrucha Katarzyna — 2%, Gdrska

Gabriela— 2%, Kogut Dagmara — 2%, Ciepiela Olga — 14%.
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mgr Milena Matecka-Gietdowska Warszawa, data &2?‘7 0_3 ‘ZOZ b

Zaktad Medycyny Laboratoryjnej
Wydzial Farmaceutyczny
Warszawski Uniwersytet Medyczny
ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspétautor pracy “Malinowska J, Matecka-Gieldowska M, Szymura W, Ciepiela O. Disturbances
of calcium, magnesium, and phosphate homeostasis: incidence, probable causes, and outcome.
Clinical Chemistry and Laboratory Medicine (CCLM), 2024" doi: 10.1515/ccim-2024-0212; 100 pkt

MEiN, IF 6.8, niniejszym za$wiadczam, iz Justyna Malinowska byta wiodacym wspétautorem pracy.

Jednoczeénie wyraiam zgode na wykorzystanie przez Paniq mgr Justyng Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegdlnych autoréw w przygotowaniu publikacji:

Malinowska Justyna— 65%, Matecka-Gietdowska Milena — 15%, Szymura Wincenty — 5%, Ciepiela Olga
—15%.
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mgr Wincenty Szymura Warszawa, 21.03.2024
Technology Consulting
PwC Advisory sp. z 0. 0. sp. k.

Polna 11, Warszawa, 00-633, Polska
Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspotautor pracy “Malinowska J, Matecka-Gietdowska M, Szymura W, Ciepiela O. Disturbances
of calcium, magnesium, and phosphate homeostasis: incidence, probable causes, and outcome.
Clinical Chemistry and Laboratory Medicine (CCLM), 2024” doi: 10.1515/cclm-2024-0212; 100 pkt

MEiIN, IF 6.8, niniejszym zaswiadczam, iz Justyna Malinowska byta wiodgcym wspdtautorem pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udziat poszczegdlnych autoré6w w przygotowaniu publikacji:
Malinowska Justyna— 65%, Matecka-Gietdowska Milena —15%, Szymura Wincenty —5%, Ciepiela Olga
—15%.
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prof. dr hab. n. med. i n. o zdr. Olga Ciepiela Warszawa, 20.03.2024
Zaktad Medycyny Laboratoryjnej

Wydziat Farmaceutyczny

Warszawski Uniwersytet Medyczny

ul. Banacha 1A

02-097 Warszawa

Zaswiadczenie o udziale procentowym w przygotowaniu pracy naukowej

Jako wspoétautor pracy “Malinowska J, Matecka-Gietdowska M, Szymura W, Ciepiela O. Disturbances
of calcium, magnesium, and phosphate homeostasis: incidence, probable causes, and outcome.
Clinical Chemistry and Laboratory Medicine (CCLM), 2024” doi: 10.1515/cclm-2024-0212; 100 pkt

MEIN, IF 6.8, niniejszym zaswiadczam, iz Justyna Malinowska byta wiodgcym wspétautorem pracy.

Jednoczednie wyrazam zgode na wykorzystanie przez Panig mgr Justyne Malinowska publikacji
W postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki o zdrowiu.

Przedstawiam procentowy udzial poszczegdlnych autoréw w przygotowaniu publikacji:
Malinowska Justyna — 65%, Matecka-Gietdowska Milena — 15%, Szymura Wincenty — 5%, Ciepiela Olga
—-15%.
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