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Abstract. The kidney plays an essential role in maintaining mineral homeostasis
through regulation of calcium, phosphate, parathyroid hormone (PTH), and vitamin
D metabolism. Although mineral disturbances are well established in chronic kidney
disease, their early presentation in acute kidney injury (AKI) and their relationship to
KDIGO-defined severity remain incompletely understood. This study aimed to evaluate
early alterations in mineral metabolism within 24 hours of AKI diagnosis and to explore
potential biochemical heterogeneity using clustering analysis.

Methods. This cross-sectional study included 100 participants: 50 patients with AKI
defined according to KDIGO criteria and 50 age- and sex-matched controls without
AKI. Serum calcium, phosphorus, PTH, and 25-hydroxyvitamin D [25(OH)D] were
measured within 24 hours of AKI diagnosis. Comparisons were performed between AKI
patients and controls and across KDIGO stages. Unsupervised k-means clustering was
applied to identify distinct mineral-axis profiles within the AKI group.

Results. Compared with controls, patients with AKI had significantly lower calcium
and 25(0OH)D levels and higher phosphorus and PTH concentrations (all p < 0.0001).
These disturbances were observed across AKI stages, without a consistent stepwise trend
according to creatinine-defined severity. Clustering analysis identified two distinct
mineral-axis profiles among AKI patients. The two-cluster solution explained 23.6% of
total variability (R? = 0.236) and showed clear separation. Cluster membership was not
associated with creatinine levels, AKI stage, urea concentration, or dialysis requirement,
indicating biochemical heterogeneity independent of conventional severity classification.

Conclusions. Early AKI is accompanied by significant disturbances in mineral metabolism
Article history: that do not parallel creatinine-based staging. Distinct mineral-axis profiles can be
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I'eTeporeHHicTb MiHepaIbHOIr0 OOMiHY B pAHHLOMY NEPioli rOCTPOro
NOIMKO2KCHHA HUPOK: nonepequ"l KJIaCTepHI/Iﬁ aHaJi3
Kadenpa ximii, Komemk ocsitn, YHiBepcureT Ab-Ipaxist, barman, Ipak

Pestome. Hupku gidieparomo Kai0408y poab y RIOMPUMUYL MIHEPANLHO20 20MEOCMA3Y WASXOM Pe2yAiyii 00MIHy
Kanvyiro, gocghopy, napamupeoionoeo eopmony (IITI) ma eimaminy D. Xoua nopywenns minepanvHo2o 0OMiHy dobpe
ONUCAHI y X8OPUX HA XPOHIYHILI X60POOI HUPOK, IX paHHi npossu y pazi eocmpoeo nouwkoodxcenHs Hupok (I'TTH) ma 36 ’a30x
i3 maxckicmio 3a kaacugikayicto KDIGO 3anumaromoscs Hedocmamubo sueueHumu. Memoro docaidxncents 0yn0 oyinu-
mu paHHi 3MiHU MiHepanbHO20 00MIHY npomseom nepuiux 24 eodun nicas ecmanosaenns diaernosy I'ITH ma docaidumu
MOXHCAUBY OIOXIMIUHY eemepo2eHHiCMb 3a 00NOMO20H KAACMEPHO20 AHANIZY.

Memoou. Y nonepeune docnioxncenns exarouero 100 yuacnuxie: 50 nayieumie 3 I'llH, suznauenum 32i0Ho kpume-
piie KDIGO, ma 50 oci6 konmpoavHoi epynu, 3icmaenux 3a eikom i cmammio, 6e3 o3nax I'lIH. Pieni kaavuiro, ghocghopy,
IITI ma 25-eidpokcugimaminy D [25(0OH)D] y cuposamui kpogi éusnauasu npomseom 24 eo0uH nicas 6CmaHo81eHHs
diaenosy. Ilopienauns npoeodunu mixc epynamu ma mixc cmadiamu KDIGO. Jlns eusenrenus pizHux npoginie minepanb-
Ho2o 00miny 6 epyni I'lIH 3acmocosaro Hekepogaruil KaacmepHuil aHaniz memooom k-cepeoHix.

Pezyaomamu. Ilopisnano 3 koumpoaem y nauicumie i3 I'lIH euseieno docmogipHo Hudcui pieHi Kaavyiro ma
25(OH)D i suwi konyenmpauii pocgpopy ma IITI (yci mapkepu p < 0,0001). Lli nopywenns cnocmepieaaucs Ha 8cix
cmadiax T'TIH 6e3 uimkoi 3anexcnocmi 6io piens kpeamuniny. KnacmepHuil ananiz 003604ueé eudirumu 08a pizHi npogini
ceped nauicumie i3 T'lTH. Jleoxaacmepna modeas noscurosana 23,6% 3azanvhoi eapiabeavnocmi (R?2 = 0,236) ma de-
MOHcmpyeana uimke pozmedxcysanis epyn. Hanexcnicms 0o knacmepa He 6yaa noe’a3ana 3 pigHem Kpeamuminy, cmadiero
T'TIH, koHyenmpauieto cevosuru 4u nompe6oro 8 0ianizi, wo ceiduumo npo 6IOXiMIUHY eemepoceHHiCMb, He3ANeHCHY 8i0
mpaduyiiHoi Kaacugikayii mayckocmi.

Bucnosku. Panniii nepiod I'llH cynpogodcyemocs cymmesumu nopyueHHAMU MIHEPAAbHO20 00MIHY, AKi He 8i0-
nosioaroms cmyneH msaicKkocmi 3a pienem KpeamuHiny. Yorce 6 nepuii 24 200unu nicasi BcmaHoeaeHHs 0iazHO3Y MOJICHA
eudinumu pizHi npoghini MiHepanbHo20 0OMIHY, W0 6KA3YE HA HAsB8HICMb DioXiMiuHOi eemepoeenHocmi. Heobxioni nodanb-

wi npocnekmueHi 0ocaioxiceH sl 045 GUSHAUEHHS KAIHIYHO20 Ma NPOSHOCMUYHO20 3HAYEHHS YUX PAHHIX 3MiH.
KmiouoBi cioBa: cocmpe nowkodxcenns Hupok, minepanshuii 00MiH, Kaavyii, gocgop, napameopmon, eimamin D,

KaacmepHuil anania

Introduction. Acute kidney injury (AKI) is a com-
mon clinical problem and remains a major cause of
short-term illness and death worldwide [1, 2]. In every-
day practice, AKI is diagnosed and classified primarily
by monitoring changes in serum creatinine levels and
urine output, according to the Kidney Disease: Im-
proving Global Outcomes (KDIGO) guidelines [3]. Al-
though these measures are useful for assessing changes
in kidney filtration, they do not fully reflect the broader
metabolic disturbances that can develop when kidney
function suddenly declines. The kidneys play a central
role in regulating mineral metabolism. It maintains cal-
cium and phosphorus balance, takes part in vitamin D
activation, and influences parathyroid hormone (PTH)
secretion [4, 5]. Disturbances of this tightly regulated
axis are well established in chronic kidney disease; how-
ever, less attention has been given to early mineral met-
abolic changes during the acute phase of kidney injury
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[6]. Although hypocalcemia and hyperphosphatemia
are recognized in AKI, the timing, pattern, and vari-
ability of associated changes in PTH and 25-hydroxyvi-
tamin D [25(OH)D] remain incompletely character-
ized [7].

An important unresolved question is whether altera-
tions in mineral metabolism parallel creatinine-based
severity staging or whether they represent independent
biochemical responses [7]. If mineral disturbances occur
early and do not show a stepwise trend across KDIGO
stages, this would suggest that creatinine alone does not
adequately reflect the metabolic dimension of AKI [6,
7]. Besides, conventional analyses usually look at miner-
al markers separately, which may miss some underlying
biochemical patterns within the AKI population.

Data-driven analytical approaches like unsuper-
vised clustering offer an opportunity to explore biologi-
cal heterogeneity beyond traditional classification sys-
tems. Distinct mineral-axis profiles, if identified, would
improve understanding of early pathophysiological re-
sponses in AKI and reveal phenotypic variability that is
not captured by standard staging criteria [8].

Therefore, the present study aimed to character-
ize early alterations in calcium, phosphorus, PTH, and
25(0OH)D within 24 hours of AKI diagnosis and to ex-
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amine their relationship to KDIGO stage. In addition,
we applied unsupervised clustering analysis to inves-
tigate whether distinct mineral-axis profiles could be
identified among patients with AKI.

Patients and methods. Study design and partici-
pants. This cross-sectional study was held at the Medi-
cal City Complex in Baghdad, Iraq, from April to Sep-
tember 2025.

Ethical Considerations. The study protocol was
reviewed and approved by the Institutional Ethics
Committee of Medical City, Baghdad, Iraq, (Ethics
Committee approval number: 5501 in Feb 2025). The
study was conducted in accordance with the principles
of the Declaration of Helsinki. Written informed con-
sent was obtained from all participants before enroll-
ment and sample collection.

A total of 100 participants, including 50 patients
diagnosed with AKI and 50 controls matched for age
and sex, were included in the study.

AKI was defined as per KDIGO: increased serum
creatinine by >0.3 mg/dL within 48 hours; increased
to >1.5 times baseline within the prior seven days; or
urine output less than 0.5 mL/kg/h for at least six hours.
Patients were categorized into KDIGO stages 1, 2, and
3 based on serum creatinine criteria at the time of di-
agnosis. All laboratory measurements in the AKI group
were obtained within twenty-four hours after diagnosis
to evaluate early biochemical alterations.

The control group consisted of individuals without
clinical or laboratory evidence of AKI with estimated
glomerular filtration rate (¢GFR) greater than 60 mL/
min/1.73 m2 CKD-EPI.

Participants were excluded if they had:

e  Previously diagnosed CKD

e  Current vitamin D supplementation

e  Known parathyroid disorders

e  Active malignancy

e Conditions known to significantly affect calcium—
phosphorus metabolism.

Sample collection and laboratory measurements. Ve-
nous blood samples were collected under aseptic con-
ditions into serum gel separator tubes. Samples were
allowed to clot at room temperature for approximately
30 minutes and were then centrifuged at 4000 rpm for
10 minutes. Serum was separated and analyzed imme-
diately.

Serum creatinine and urea were measured using
automated enzymatic colorimetric assays on chemistry
analyzer (Cobas c311 /Roche Diagnostics, Basel, Swit-
zerland).

Total serum calcium and phosphorus concentra-
tions were determined using flame atomic absorption
spectrophotometry (Cobas c111 automated analyzer /
Roche Diagnostics, Basel, Switzerland) with commer-
cially available analytical standards and reagents.

Serum 25(0OH)D was measured using the VIDAS®
system (VIDAS® 25 OH Vitamin D Total kit/ VI-
DAS® or Mini VIDAS® system (bioMérieux), Marcy-
’Etoile, France), based on enzyme-linked fluorescent

assay (ELFA) technology. The assay detects total circu-
lating 25(OH)D.

Serum PTH levels were measured using a chemi-
luminescent immunoassay (CLIA) method (Cobas e
analyzer with Elecsys® PTH kit /Roche Diagnostics,
Basel, Switzerland).

All assays were performed in accordance with
manufacturer protocols and standard laboratory quality
control procedures. Laboratory reference ranges were
as follows: calcium: 8.6—10.2 mg/dL, phosphorus: 2.5—
4.5 mg/dL, PTH: 15—65 pg/mL, 25(0OH)D sufficiency:
>30 ng/mL; insufficiency: 20—29 ng/mL; deficiency:
<20 ng/mL. Internal quality control procedures were
performed daily according to manufacturer recommen-
dations. All enrolled participants had complete labo-
ratory data for the primary study variables (calcium,
phosphorus, PTH, 25(OH)D, creatinine, and urea).
No imputation procedures were required.

Statistical analysis. Statistical analyses were con-
ducted with the SAS software version 9.4 (SAS Insti-
tute, USA). Continuous variables were tested for nor-
mal distribution by appropriate normality tests. Nor-
mally distributed variables were expressed as mean and
standard deviation (M * SD) and compared between
two groups with the independent t-test. Skewed vari-
ables were presented as median and interquartile range
[Me (Q25-Q75)] and compared by the Mann-Whitney
U test. Stage-based differences were analyzed with the
Kruskal—Wallis test, while categorical variables were
compared using chi-square testing.

To identify potential patterns of mineral-axis vari-
ability within the AKI population, we performed unsu-
pervised k-means clustering based on serum calcium,
phosphorus, PTH, and 25(OH)D measurements. Vari-
ables were standardized (z-score transformation) prior
to clustering to allow equal weighting among them.
Therefore, the optimal number of clusters was deter-
mined based on an assessment of within-cluster vari-
ance. Principal component analysis (PCA) was used for
visualization of cluster separation as well as estimation
of proportions of total variance explained by principal
components. Clinical and biochemical characteristics
were then compared between clusters to assess their as-
sociation with creatinine level, AKI stage, and dialysis
requirement.

Results. Study population. A total of 100 partici-
pants were included, comprising 50 patients with AKI
and 50 non-AKI controls. There were no significant
differences between groups in age, sex distribution, or
prevalence of diabetes and cardiovascular disease. Hy-
pertension was more common among AKI patients.
Within the AKI cohort, patients were represented
across KDIGO stages 1 through 3, with roughly 25%
requiring dialysis support. As anticipated, indicators
of renal function were significantly higher in the AKI
group compared with controls, with both serum creati-
nine and urea levels markedly elevated (p < 0.0001).

In addition, patients with AKI exhibited pro-
nounced disturbances in mineral metabolism relative to
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the control group. Serum calcium and 25(OH)D con-
centrations were significantly lower in the AKI group,
while phosphorus and parathyroid hormone (PTH) lev-
els were significantly higher (all p < 0.0001). The ob-
served biochemical pattern was characterized by con-

comitant hypocalcemia, hyperphosphatemia, elevated
PTH, and reduced 25(OH)D levels in AKI patients.
The consistency and statistical strength of these differ-
ences suggest an early disruption of mineral homeosta-
sis accompanying AKI (Table 1).

Table 1
Clinical characteristics and laboratory findings of AKI patients and non-AKI controls
Variable AK[InpStslg?ts ([:::ng]s p-value
Age (years) 526 £ 142 498137 0323
Age = 60 years (%) 28% 20% 0412
Male sex (%) 60% 48% 0184
Hypertension (%) 52% 3% 0.041
Diabetes Mellitus (%) 36% 22% 0.095
Cardiovascular Disease (%) 18% 10% 0273
Dialysis (%) 24% (12/50) - -
Stage 1: 40%
KDIGO Stage (%) Stage 2: 34% = =
Stage 3: 26%
Urea (mg/dL) 101(92.3-107.0) 28 (27-29) <0.0001
Creatinine (mg/dL) 2.85 (2.63-3.09) 1.25 (0.97-141) <0.0001
Calcium (mg/dL) 8.81(8.72-8.95) 9.60 (9.50-9.65) <0.0001
Phosphorus (mg/dL) 518 (5.04-5.27) 3.80 (3.71-3.84) <0.0001
PTH (pg/mL) 40 (37-43) 32 (31-33) <0.0001
25(0H)D (ng/mL) 20.2 (194-216) 293 (276-31.2) <0.0001

Age is presented as M = SD. Skewed continuous variables are presented as Me (Q25—Q75). Categorical variables are expressed
as percentages. Between-group comparisons were performed using independent t-test (age), Mann—Whitney U test (continuous
skewed variables), and chi-square test (categorical variables). Abbreviations: AKI, acute kidney injury; KDIGO, Kidney
Disease: Improving Global Outcomes; 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone.

Mineral metabolism within 24 hours across KDI-
GO stages. To determine whether early mineral-axis
abnormalities were proportional to creatinine-based
severity, AKI patients were stratified according to
KDIGO stage. All biochemical measurements were ob-
tained within 24 hours of AKI diagnosis. Disturbances
in calcium, phosphorus, PTH, and 25(OH)D were ob-

served across all stages at this early time point. How-
ever, comparison between stages did not demonstrate
a progressive or graded increase in mineral abnormali-
ties with advancing stage. Median values of these pa-
rameters were comparable among stages, and statistical
testing did not support a consistent trend across severity
categories (Table 2).

Table 2
Mineral metabolism within 24 hours according to KDIGO stage in AKI patients
Variable Stage 1 Stage 2 Stage 3 p-value
(n=20) (n=17) (n=13)
Calcium (mg/dL) 8.84 (8.74-8.96) 875 (8.64-8.88) 8.83 (8.75-8.97) 0177
Creatinine (mg/dL) 2.84 (2.69-3.02) 2.82 (2.55-313) 2.90 (2.60-3.24) 0.899
Phosphorus (mg/dL) 5.09 (5.04-5.25) 5.22 (5.09-5.35) 5.08 (5.00-5.26) 0435
PTH (pg/mL) 115 (385-43.5) 40,0 (36.8-45.3) 39.0 (35.0-40.0) 0152
Urea (mg/dL) 101.0 (95.0-105.5) 1070 (965-113.3) 96.0 (89.0-101.0) 0.054
25(0H)D (ng/mL) 20.35 (1945-2150) 19.80 (1848-21.70) 21.00 (19.80-2145) 0728

Continuous variables are presented as median (Q25—Q75). Comparisons across stages were performed using the Kruskal—
Wallis test. Abbreviations: AKI, acute kidney injury; KDIGO, Kidney Disease: Improving Global Outcomes; 25(OH)D,

25-hydroxyvitamin D; PTH, parathyroid hormone.
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Mineral-axis heterogeneity identified by unsuper-
vised clustering. Given the absence of a clear stage-de-
pendent gradient in mineral parameters, unsupervised
k-means clustering was performed to explore poten-
tial biochemical heterogeneity within the AKI cohort.

Cluster plot
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Clustering was conducted using calcium, phosphorus,
PTH, and 25(OH)D. Two distinct mineral-axis profiles
were identified. Principal component analysis demon-
strated separation of patients into two clusters along
mineral-related dimensions (Fig. 1A).
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Fig. 1. Mineral-axis heterogeneity identified by unsupervised clustering in AKI.
Panel A: Principal component analysis scatter plot showing separation of AKI patients into two clusters based on calcium,

phosphorus, PTH, and 25(0OH)D.

Panel B: Standardized cluster profile plot illustrating opposing mineral-axis patterns between clusters.

The two-cluster solution included 29 patients in
Cluster 1 and 21 patients in Cluster 2. The total sum of
squares was 196.0, of which 46.3 represented between-
cluster variation and 149.7 represented within-cluster
variation. Thus, the two-cluster model explained 23.6%
of the total variability (R? = 0.236). The correspond-
ing pseudo-F statistic was 14.85, indicating meaningful
separation between clusters.

The first principal component explained 33.1%
of the variance and the second component explained
25.9%, together accounting for approximately 59% of
total variability. Cluster profiling revealed divergent

biochemical patterns (Fig. 1B). One cluster was char-
acterized by lower calcium and 25(OH)D Ilevels ac-
companied by higher PTH concentrations, whereas
the second cluster demonstrated the opposite pattern.
Phosphorus contributed to cluster separation but
showed less pronounced divergence compared with
PTH and 25(OH)D.

Importantly, the clusters were not associated with
differences in age, AKI stage distribution, serum cre-
atinine, urea, or dialysis requirement (Table 3), indi-
cating that the observed biochemical profiles were not
explained by creatinine-based severity classification.

Table 3

Clinical and biochemical characteristics according to mineral-axis cluster

Variable Cluster 1 [n =29) Cluster 2 (n = 21) p-value
Age (years) 56.0 (40.5-64.8) 50.0 (43.5-54.3) 0497
Creatinine (mg/dL) 2.84(2.59-2.08) 2.86 (2.69-3M) 0.658
Urea (mg/dL) 101.0 (91.8-1075) 100.0 (95.5-104.0) 0.693
Dialysis (n, %) 6 (20.7%) 6 (28.6%) 0.523
Calcium (mg/dL) 8.75 (8.70-8.85) 8.92 (8.77-8.99) 0.001
Phosphorus (mg/dL) 522 (5.04-5.39) 511 (5.04-5.24) 0140
PTH (pg/mL) 42.0 (39.0-46.3) 370 (34.8-41.0) 0.0005
25(0H)D (ng/mL) 19.5 (18.5-201) 216 (207-224) <0.0001

Continuous variables are presented as median (Q25—Q75). Comparisons across stages were performed using the Kruskal—Wallis
test. Abbreviations: 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone.
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Discussion. The present study examined early al-
terations in mineral metabolism among patients with
acute kidney injury and explored whether these changes
exhibit internal biochemical heterogeneity. Several ob-
servations merit attention.

Within the first 24 hours of diagnosis, patients with
AKI demonstrated clear disturbances in calcium—phos-
phorus homeostasis. Compared with matched controls,
serum calcium and 25(OH)D concentrations were re-
duced, whereas phosphorus and PTH levels were in-
creased. This pattern suggests that disruption of mineral
balance occurs early in the course of AKI rather than
developing only after prolonged impairment. Previous
reports have described hyperphosphatemia and hy-
pocalcemia in critically ill patients with AKI [9, 10].
However, data on the concurrent changes in PTH and
25(OH)D within the first 24 hours are still scarce [6].
Our results demonstrate that aspects of mineral-axis
dysregulation appear early after AKI.

The lack of a graded trend across KDIGO stages
is particularly interesting. Several studies have shown
that mineral parameters did not always follow a step-
wise increase or decrease pattern [7]. This observation
suggests that creatinine-based staging may not com-
pletely reflect the metabolic dimension of AKI. Se-
rum creatinine primarily reflects filtration capacity;
mineral metabolism is affected by tubular handling,
endocrine signaling, and systemic regulatory path-
ways [11]. In other words, impairment of endocrine
and tubular functions may occur even when the rise
in creatinine is modest. Biochemical disruption may
therefore occur regardless of how much creatinine has
increased.

Another important finding from this study is the
identification of two different mineral-axis profiles
through unsupervised clustering. These profiles were
defined by different patterns in calcium, PTH, and
25(OH)D concentrations. Importantly, membership in
clusters did not differ in levels of creatinine, KDIGO
stage, urea concentration, or need for dialysis. This ob-
servation supports the growing concept that AKI is not
a uniform entity but a syndrome with biological vari-
ability. Similar clustering approaches in critical care
populations have revealed distinct inflammatory and
metabolic phenotypes despite comparable traditional
severity markers [8, 12]. Our results extend this concept
to mineral metabolism, suggesting that patients with
comparable creatinine-defined AKI may still differ in
their endocrine—metabolic response.

The early clinical significance of mineral-axis dis-
turbance remains to be clarified. Hypocalcemia and
hyperphosphatemia can affect cardiac function, neuro-
muscular stability, and inflammatory pathways [7, 13].
High PTH levels in AKI may indicate compensatory
mechanisms that try to keep calcium in balance [6].
Reduced 25(OH)D concentrations have been linked
in previous studies to immune dysfunction and poorer
outcomes in hospitalized patients [14]. Although we
did not assess mortality or recovery in this study, our

findings raise the possibility that early mineral profil-
ing could help identify subgroups of patients at different
biological risk.

Some limitations in our study need to be recog-
nized. The researchstudy was conducted at a single ter-
tiary center, with a relatively small sample size. There-
fore, the results might not completely reflect other pa-
tient populations or healthcare settings.

The cross-sectional design is another important
limitation. All measurements were obtained within 24
hours of AKI diagnosis, which allowed us to focus on
very early changes. However, this approach does not
show how mineral parameters evolve during recovery or
progression. We cannot determine whether the identi-
fied patterns are transient responses or persistent distur-
bances. Longitudinal assessment would be necessary to
clarify these dynamics.

In addition, total serum calcium was used rather
than ionized calcium and fibroblast growth factor 23
was not measured. Because vitamin D deficiency is
very common in many populations, including ours, it is
hard to say if lower 25(OH)D levels are showing recent
changes or an old deficiency.

Finally, while clustering analysis revealed distinct
biochemical profiles, the clinical implications of these
profiles remain uncertain. We did not examine as-
sociations with mortality, renal recovery, or hospital
stay, and thus, the prognostic value of the identified
mineral-axis patterns cannot be established from this
dataset.

Despite these limitations, our findings showed
that early disturbances in mineral metabolism are
consistently present in AKI and that biochemical het-
erogeneity exists beyond traditional creatinine-based
staging. Future prospective studies with longitudinal
follow-up are needed to determine if mineral-axis
phenotypes have any association with recovery, pro-
gression, or mortality and if they may have therapeutic
implications.

Conclusions. AKI is accompanied by early distur-
bances in mineral metabolism that are not proportional
to creatinine-based staging. Distinct mineral-axis pro-
files can be identified within the first 24 hours of di-
agnosis, indicating biochemical heterogeneity beyond
traditional severity classification. Larger longitudinal
studies are warranted to clarify their clinical relevance.
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