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ABSTRACT 

Bac kgr ound and hypothesis. Acute kidney injury (AKI) is a multifactorial syndrome associated with increased morbidity and mortality 
during hospitalization and in the long-term follo w-up . Emer ging evidence suggests that biological sex and age may influence kidney 
damage and recovery; however, the specific role of these biological variables on AKI outcomes remains to be fully elucidated. This 
r etr ospecti v e study aimed to explore the impact of sex and age on AKI epidemiology and outcomes in a large cohort of hospitalized 
adults. 

Methods. We analyzed clinical and administrative data from 87 087 adult patients admitted to two Italian uni v ersity hospitals between 

2016 and 2019. Excluding patients with stage 5 chronic kidney disease (CKD), we assessed AKI based on Kidney Diseases Improving 
Global Outcomes criteria using serum cr eatinine tr ends during hospitalization. Demographic characteristics, comorbidities, estimated 
glomerular filtration rate (eGFR), hospital stay, and outcomes were evaluated, with a focus on sex-based comparisons. 

Results. AKI occurred in 20.6% of patients, with a higher incidence in females (21.4%) than males (19.8%). Female patients were 
older and had lower eGFR at hospital admission, less incidence of diabetes and CKD, but a more frequent diagnosis of congestive 
heart failure. While stage 3 AKI was more common in males, undiagnosed AKI was more frequent in females with stage 1 AKI. Of 
note , age-str atified analysis revealed a dynamic sex-related risk: AKI incidence was higher in males in younger age groups, whereas 
females showed a pr ogr essi v el y higher incidence in the oldest age quartiles. However, outcomes such as mortality, Intensive Care 
Unit admission, and length of hospital stay were worse in the older male AKI population. 

Conclusions. AKI incidence and in-hospital outcomes differ between males and females in an a ge-de pendent manner. These findings 
emphasize the r elev ance of considering sex by age interaction when investigating AKI epidemiology and outcomes. 

Ke yw ords: acute kidney injur y, a ge, e pidemiolo gy, mortality, se x 
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GRAPHICAL ABSTRACT 

AKI incidence and in-hospital outcomes differ between males and females, with 
notable age-related variations. Incorporating sex by age interaction into AKI risk 

assessment may improve diagnosis and guide management strategies.

Is sex by age interaction the missing factor in acute 
kidney injury epidemiology?

Aim of study was to assess the 
impact of biological sex on AKI 
incidence and related outcomes
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NTRODUCTION 

cute kidney injury (AKI), a complex clinical syndrome c har ac- 
erized by an abrupt decline of kidney excr etor y function, r e p- 
esents a major health and economic burden worldwide [ 1 ]. AKI 
an be diagnosed and graded according to the Kidney Diseases 
mproving Global Outcomes (KDIGO) 2012 guidelines [ 2 ]. The in- 
idence of AKI varies in relation to the specific clinical setting, 
anging fr om appr oximatel y 10% for Comm unity-Acquir ed AKI 
o 20%–50% for Hospital-Acquired AKI (HA-AKI) and reaching an 

ncidence over 50% in critically ill patients admitted to Inten- 
i v e Car e Unit (ICU) [ 3 , 4 ]. Inde pendent of the clinical setting, AKI 
nd its severity definitely correlate with morbidity and mortality 
 5 ]. Gi v en the clinical r elev ance of AKI, the identification of indi- 
idual patient risk factors for AKI development and outcomes 
olds a pi v otal r ole for the pr ev ention, identification, and suc- 
essful treatment of this complex syndrome. Many factors, such 

s dehydration, comorbidities, and demographic characteristics, 
nfluence the risk of developing AKI [ 6 ]. 
Among these, biological sex—defined by biological v aria b les 

nderlain by different sex chromosomes—and age may play a 
e y role; howe ver, their impact on AKI remains unclear and not 
otall y consider ed. The biological mechanisms inv olv ed in sex 
iffer ences ar e thought to affect kidney development and pos- 

or c hiectom y [ 9 , 10 ]. Likewise , the presence of female hormones
is generally found to be protective against IRI, reducing tubular
and endothelial cell injury and AKI-associated inflammatory re-
sponse [ 11–13 ]. However, these results are sometimes not consis-
tent, as shown by the r e ported potential kidney pr otecti v e effect
of testosterone and the evidence that human males undergoing
andr ogen-de pri ving therap y displa y a higher risk of AKI [ 14 , 15 ].
Mor e r ecentl y, the r ole of a ge and sex differences in experimental
models of AKI-to-Chronic Kidney Disease (CKD) transition has
also been r e ported [ 16 ]. In humans, male sex seems to be associ-
ated with an increased risk of AKI in many subgroups, including
HA-AKI, post-surgical AKI, AKI in the ICU, and even a higher risk
of developing AKI requiring dialysis [ 17 , 18 ]. On the other hand,
in car diac sur gery-associated AKI, female sex has been r e ported
as a risk factor, at least partially explained by the older age and
higher surgical complexity [ 17 , 19 ]. The evidence that sex- and
a ge-de pendent hormonal factors could interplay in the risk of
developing AKI is also supported by preclinical evidence [ 20 , 21 ].
Nevertheless, sex-specific outcomes of AKI are rarely reported
in clinical studies, and the clinical importance of this common
syndrome in hospitalized patients when stratified by sex or age
is largely unknown [ 22 ]. For these reasons, this study aimed to
investigate the impact of sex by age interaction on AKI epidemi-
ology and outcomes in a large cohort of hospitalized adults. 
ib l y the pr edisposition to dev elop disease, including AKI [ 7 , 8 ]. 
n preclinical models of AKI following ischemia reperfusion in- 
ury (IRI), the presence of testosterone is associated with an in- 
r eased susce ptibility to tubular injury that can be modulated by 
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KEY LEARNING POINTS 

W ha t was known: 
� AKI is a common and clinically relevant complication in hospitalized patients. 
� AKI epidemiology and outcomes are influenced by multiple biological and patient-related factors. 
� Conflicting evidence exists regarding the impact of sex and age on AKI epidemiology. 

This study adds: 
� In a large cohort of hospitalized adults, AKI incidence differs between males and females. 
� Sex-r elated differ ences in AKI incidence v ar y considera b l y acr oss a ge gr oups. 
� Among patients with AKI, sex by age patterns are observed for in-hospital outcomes. 

Potential impact: 
� Anal yses based solel y on sex comparisons, without accounting for a ge-de pendent v aria bility, may not adequatel y describe 

AKI epidemiology. 
� Sex by age interaction should be incorporated into AKI definitions and diagnostic frameworks. 
� Tailor ed dia gnostic appr oaches and mana gement str ate gies should consider sex by a ge interaction to w arrant equita b le and 

individualized kidney care. 
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MATERIALS AND METHODS 

Study design and population 

This study is a part of an epidemiological analysis designed to 
evaluate AKI incidence and related clinical outcomes in Italian 

hospitals supported by the AKI & CRRT Project Group of the Ital- 
ian Society of Ne phr ology (SIN) [ 23 ]. Specificall y, we performed 
a r etr ospecti v e observ ational study in the hospitalized popula- 
tion admitted to Policlinico Uni v ersitario San Martino , Geno va, 
Italy, and Azienda Ospedaliera Universitaria Maggiore della Car- 
ità, Novara, Italy. 

Inclusion criteria were (a) adult age (age ≥18 years); (b) first 
hospital admission from 1 January 2016, to 31 December 2019, 
and (c) at least two measurements of serum creatinine (sCr). 

The only exclusion criteria were the presence of CKD stages 
4–5 identified by the ICD-9-CM (International Classification of 
Disease, 9th Revision, Clinical Modification) diagnosis codes re- 
ported on the Hospital Discharge Form (HDF). 

The institutional re vie w boar ds appro ved the stud y protocol 
(Geno va: N . Registro CER Liguria: 515/2020; Novara: Protocollo 
530/CE, Studio n. CE 220/19 NOV-AKI Study) and w ai v ed the need 
for informed consent. The study was performed in accordance 
with the Declaration of Helsinki. 

Data collection 

All data were extracted from the hospital electr onic data base. 
We exported the following demographic, clinical, and la borator y 
data: age, sex, comorbidities, sCr, ward of admission (emergency 
medicine, medical, surgical, or ICU), length of hospital stay (LOS), 
death, and main outcomes. Comorbidities, including heart fail- 
ur e (HF), dia betes, acute m y ocardial isc hemia, CKD, and sepsis, 
were identified using ICD-9-CM codes. The sCr levels were col- 
lected at admission and discharge: the highest and lowest sCr 
for each patient were also recorded. 

Definitions 
The presence and stages of AKI were recorded by dividing 
the peak sCr by the lowest sCr during hospitalization (peak 
sCr/lowest sCr), under the assumption that the lowest sCr r e pr e- 
sented baseline kidney function. 

We defined AKI according to the “extended” KDIGO Clinical 
Pr actice Guideline , based solely on sCr changes without consid- 
ering specific time intervals between determinations [ 2 ]. We re- 

ported each stage according to the KDIGO framework as stages 1,
2, and 3. These correspond to stage 1 (1.5–1.9 times baseline sCr),
stage 2 (2–2.9 times baseline sCr), and stage 3 (3 or more times
their baseline creatinine or the need for dialysis). 

Urinary output was not considered as a criterion for AKI due
to the r etr ospecti v e natur e of the study and the limited data col-
lected outside the ICU. 

The incidence of AKI was also described by the rate of report
on HDF (code 584.5–584.9), and the recognition of AKI was calcu-
lated by comparing sCr-based AKI incidence with the incidence 
of r e port on HDF [ 24 ]. Renal r ecov er y w as calculated in AKI pa-
tients ali v e at the time of hospital discharge by dividing the sCr
at discharge by the lowest sCr during hospitalization (discharge 
sCr/lo west sCr). P atients wer e consider ed r ecov er ed when they
did not meet KDIGO criteria for AKI (ratio < 1.5) any longer. Con-
v ersel y, patients with an sCr ratio of 1.5 or higher were classified
as having acute kidney disease [ 25 ]. 

The estimated glomerular filtration rate (eGFR) was calculated 
using the Chronic Kidney Disease Epidemiology Collaboration 

creatinine-based equation [ 26 ]. 

Outcomes 
The primary outcome of this etiological study is to assess the in-
cidence of in-hospital AKI correlated to sex and age differences.
The secondary outcomes are mortality and renal recovery ac- 
cording to sex and a ge. Mor eov er, we also consider ed the LOS,
the type of disc harge , and kidney function at discharge in AKI
patients as secondary outcomes. 

Sta tistical anal ysis 
Normally distributed variables are presented as mean ± SD and 
wer e compar ed using an inde pendent or pair ed t -test when ap-
propriate . Comparisons betw een groups were made by analysis 
of v ariance. Non-normall y distributed v aria b les ar e pr esented as
median plus interquartile range and wer e compar ed using non-
parametric tests. Comparisons of proportions were made using 
the χ2 -test or Fisher’s exact test when appropriate. 

The association between biolo gical se x and the occurrence of
AKI during hospitalization was assessed using logistic regression 

models, with AKI development as the outcome. To explore effect
modification by a ge, anal yses wer e stratified by age quartiles,
and sex-specific odds ratios (ORs) with 95% confidence intervals 
(95% CIs) were estimated within each age group. 
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Table 1: Baseline characteristics of patients admitted to the hospital categorized by sex. 

All patients 87 087 Males 43 444 Females 43 604 P -value 

Age , y ears 69.2 ± 17.7 68.5 ± 16.5 69.9 ± 18.9 < .0001 
Type 2 diabetes mellitus, n (%) 8455 (9.7) 4678 (10.8) 3777 (8.7) < .0001 
Heart failure, n (%) 7767 (8.9) 3711 (8.5) 4056 (9.3) < .0001 
Chronic kidney disease, n (%) 5924 (6.8) 3329 (7.7) 2595 (6) < .0001 
Acute m y ocardial isc hemia, n (%) 3267 (3.7) 2008 (4.6) 1259 (2.9) < .0001 
Sepsis, n (%) 3361 (3.9) 1748 (4.0) 1613 (3.7) .013 
Serum creatinine at admission, mg/dl 0.9 (0.7–1.2) 0.99 (0.8–1.3) 0.79 (0.6–1.01) < .0001 
eGFR at admission, (ml/min/1.73 m 

2 ) 83.5 (56–99) 84.2 (57.8–99.0) 82.6 (54.5–99.1) < .0001 
Admission department, n (%) < .0001 
- Medical 37 902 (43.5) 20 238 (46.5) 17 664 (40.5) 
- Surgical 22 569 (25.9) 9982 (23.0) 12 587 (28.9) 
- ICU 3147 (3.6) 1960 (4.5) 1187 (2.7) 
- Emer genc y 23 467 (27.0) 11 286 (26.0) 121 181 (51.9) 
Discharge department, n (%) < .0001 
- Medical 53 355 (61.3) 27 801 (63.9) 25 554 (58.6) 
- Surgical 24 883 (28.6) 11 485 (26.4) 13 398 (30.7) 
- ICU 1693 (1.9) 963 (2.2) 730 (1.7) 
- Emer genc y 7156 (8.2) 3218 (7.4) 3938 (9.1) 

Abbreviations: eGFR: estimated glomerular filtration rate; ICU: intensi v e car e unit. 
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Because biological sex and age are fixed c har acteristics that 
recede hospitalization and cannot be causally influenced by 
ownstream clinical variables, models evaluating sex and age as 
xposur es wer e not adjusted for comorbidities, baseline serum 

reatinine, ICU admission, or other in-hospital variables, which 

ay act as mediators or colliders rather than confounders [ 27 ]. 
Among patients who dev eloped AKI, logistic r egr ession w as 

sed to assess the association of sex and age with clinically rel- 
vant outcomes (e.g. in-hospital mortality, ICU admission, pro- 
onged length of stay, discharge disposition, renal recovery). For 
hese analyses, the outcome was defined as the occurrence of 
he specific clinical endpoint during the hospitalization. 
Gi v en the lack of information on the exact timing of AKI on- 

et and the absence of post-dischar ge follo w-up data, time-to- 
v ent anal yses wer e not performed to av oid potential immortal 
ime and selection bias. Follow-up for all outcome analyses was 
her efor e r estricted to the in-hospital period. 
Statistical significance was defined as a two-sided P -value 

 .05. All anal yses wer e performed using Stata v ersion 14.2 (Stat- 
Corp, College Station, TX, USA). 

ESULTS 

tudy population 

e collected data from 87 087 patients who fulfilled the inclu- 
ion criteria. The av era ge a ge w as 69.2 ± 17.7 years, and 43 467 
49.9%) w ere male . As r e ported on the HDF 8455 (9.7%) patients 
er e dia betic (DM), 7767 (8.9%) had HF, and 5924 (6.8%) had CKD. 
e psis occurr ed in 3361 (3.9%) patients. At the time of admis- 
ion, mean sCr was 0.9 (0.7–1.2) mg/dl, corresponding to a mean 

GFR of 83.56 ml/min/1.73 m 

2 (IC 56–99). Males had higher base- 
ine values of sCr (0.99 mg/dl, CI 0.8–1.3 vs 0.79 mg/dl, CI 0.6–1.01) 
ompared to females. 
As r e ported in Ta b le 1 , medical w ards r e pr esented the main 

nit of admission ( n = 37 902, 43.5%), follo wed by emer genc y 
edicine ( n = 23 467, 27.0%), surgery ( n = 22 569, 25.9%), and ICU 

 n = 3147, 3.6%). 
In comparison to males, females were admitted more fre- 

uently to emer genc y and sur ger y de partments (52% vs 26% and 

29% vs 23%, r especti v el y), but less to the ICU (1.7% vs 2.2%) (Ta-
ble 1 ). 

AKI incidence and distribution according to sex 

and age 

During a median hospitalization of 7 days (IQR 4–13 days), AKI
occurred in 17 946 (20.6%) patients (Ta b le 2 ). The ov erall inci-
dence of AKI was significantly higher in females ( n = 9348, 21.4%)
than in males ( n = 8598, 19.8%, P < .0001). 

Compared to the non-AKI population, patients with AKI were
significantl y older, pr esented a higher pr ev alence of CKD (9 vs
6.1% of the non-AKI group, P < .001), diabetes (11.2 vs 9.3%,
P < .001), HF (14.7 vs 7.4%, P < .001), and sepsis (10.7 vs 2.1%,
P < .001). Furthermore, patients experiencing AKI had signifi-
cantly higher baseline sCr levels (1.55 ± 1.53 vs 1 ± 1 mg/dl,
P < .001). 

Looking at sex-based differences of patients experiencing AKI,
females were older than males (76.9 ± 14.6 vs 72.5 ± 14.6 years,
P < .001) and had a higher HF pr ev alence (15.5% vs 13.9%),
whereas males had more CKD, acute m y ocardial isc hemia, and
se psis (Ta b le 2 ). Mor eov er, eGFR at the time of admission w as sig-
nificantly lower in females: 82.6 ml/min/1.73 m 

2 (CI 54.5–99.1) vs
84.2 ml/min/1.73 m 

2 (CI 57.8–99.0), P < .001 (Ta b le 2 ). 
Regarding the severity of AKI and its distribution across males

and females, stage 1 AKI was the most represented in both sexes
( n = 10 679, 59.5%), followed by stage 2 AKI ( n = 461, 25.7%) and
stage 3 AKI ( n = 2656, 14.8%). However, male patients had a sig-
nificantly higher incidence of stage 3 AKI compared to females
(15.7 vs 14%, P = .004). 

AKI w as generall y under-r ecognized in HDF, onl y in 3541 of
17 946 (4.1%) across the whole study population. However, female
patients tended to have an even lower rate of AKI r e ports than
males (3.8 vs 4.4%, P < .0001). 

When analyzing AKI recognition by severity (Table 3 ), we ob-
serv ed that r ecognition rates incr eased with higher AKI sta ges.
Mor eov er, acr oss all sta ges, females wer e less likel y than males
to have AKI formally recorded on HDF, although this difference
reached statistical significance only for stage 1 AKI (in both the
contingency analysis and the logistic model). 
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Table 2: Clinical characteristics and AKI severity in male and female patients with AKI. 

All AKI Males Females P value 

Patients, n (%) 17 946 (20.6) 8598 (19.8) 9348 (21.4) < .0001 
Age , y ears 74.8 ± 14.7 72.5 ± 14.6 76.9 ± 14.6 < .001 
Comorbidities 
Type 2 diabetes mellitus, n (%) 2009 (11.2) 994 (11.6) 1015 (10.9) .136 
Heart failure, n (%) 2645 (14.7) 1197 (13.9) 1448 (15.5) .003 
Chronic kidney disease, n (%) 1704 (9.5) 880 (10.2) 824 (8.8) .001 
Acute m y ocardial isc hemia, n (%) 1014 (5.6) 527 (6.1) 487 (5.2) .008 
Sepsis, n (%) 1913 (10.7) 979 (11.4) 934 (10.0) .002 
Kidney function 
Serum creatinine at admission, mg/dl 1.55 ± 1.47 1.73 ± 1.7 1.38 ± 1.36 < .001 
eGFR at admission (ml/min/1.73 m 

2 ) 59.5 (34.4–87.9) 61.7 (35.7–90.0) 57.6 (33.3–86.3) < .001 
AKI KDIGO stages, n (%) .004 
Stage 1 10 679 (59.5) 5065 (58.9) 5614 (60.1) 
Stage 2 4611 (25.7) 2181 (25.4) 2430 (26.0) 
Stage 3 2656 (14.8) 1352 (15.7) 1304 (14.0) 
Diagnosed AKI on HDF 3541 (4.1) 1897 (4.4) 1668 (3.8) < .0001 

Abbreviations: eGFR: estimated glomerular filtration rate, AKI: acute kidney injury, KDIGO: Kidney Diseases Improving Global Outcomes, HDF: hospital discharge 
form. 

Table 3: Incidence and logistic models for AKI detection in hospitalized patients developing AKI (diagnosed according to sCr changes). 

Stage 
Males with 

AKI 
Males with AKI 

on HDF 
Females with 

AKI 
Females with 
AKI on HDF P value χ2 

OR AKI recognition 
(females vs males) 

P value logistic 
r egr ession 

1 5065 405 (8%) 5614 330 (5.9%) < .001 0.72 (0.62–0.83) < .001 
2 2181 342 (15.7%) 2430 342 (14.1%) .13 0.88 (0.75–1.03) .125 
3 1352 394 (29.1%) 1304 369 (28.3%) .66 0.96 (0.81–1.13) .63 

Abbreviations: AKI: acute kidney injury, HDF: hospital discharge form. 
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AKI risk according to age and sex 

We then stratified the population into age quartiles, and the re- 
sults were as follows: 

First from 18 to 59 years, n = 22.894 
Second from 60 to 73 years n = 21.177 
Third from 74 to 83 years n = 23.241 
Fourth 84 years and older (oldest 106) n = 19.802 
Regarding sex differences across age quartiles, females were 

slightl y mor e common in the first quartile (females 51%, males 
49%, P = .0001), while the second and thir d quartiles sho wed a 
male predominance (41% vs 59% and 48% vs 52%, r especti v el y, 
P = .0001). The fourth quartile exhibited the greatest sex distri- 
bution disparity, with 61% females and 39% males ( P = .0001). 
The overall incidence of AKI increased proportionally with age: 
first quartile had 2630 cases (11.5%), second quartile 4095 (19.3%), 
third quartile 5539 (23.9%), and fourth quartile 5682 (28.9%) 
( P < .0001). 

Figure 1 shows the data on AKI incidence and severity in both 

sexes across the different age groups. 
In the first a ge quartile, AKI w as mor e incident in males (1463, 

13.1% vs 1167, 10%, P ≤ .001), in the second ther e w as no dif- 
ference (2390, 19.1% vs 1705, 19.6%, P = .373). However, in the 
higher quartiles, females developed AKI more frequently: 2801, 
25.2% vs 2738, 22.6% ( P ≤ .001) and 3675, 30.4% vs 2007, 26% 

( P ≤ .001). 
Logistic r egr ession anal ysis showed that, while in the first 

quartile the risk of developing AKI did not correlate with sex, 
in older groups female sex w as incr easingl y associated with AKI 
development (second quartile OR 1.03, IC 0.96–1.10, P = .38; third 
quartile OR 1.15, IC 1.08–1.22, P < .001; fourth quartile OR 1.24 IC 

1.16–1.31, P < .001) (Ta b le 4 ). 

Clinical outcomes among patients with AKI 
across sex and age 

As shown in Ta b le 5 , in-hospital clinical outcomes among AKI
patients, including mortality, ICU admission, and LOS, varied ac- 
cording to sex and age. In contrast, discharge-related outcomes,
such as discharge type and renal recovery r ates, w ere similar be-
tween males and females across age groups. 

With regard to in-hospital mortality, we observed no differ- 
ence in mortality rates among patients included in the first two
age quartiles, while mortality rates were markedly lower in older
female patients. 

Accordingl y, logistic r egr ession anal yses stratified by a ge
quartiles showed a significant sex by age interaction for in-
hospital mortality among AKI patients, with female sex associ- 
ated with lower odds of death in the two oldest age groups [third
quartile OR 0.80 (95%IC 0.70–0.92), P = .001; fourth quartile OR
0.65 (95%IC 0.58–074), P < .001]. 

DISCUSSION 

AKI is a frequent and clinically significant complication in hos-
pitalized patients, pr ofoundl y impacting short- as well as long-
term outcomes [ 1 , 28 ]. The pathophysiology of AKI is multifacto-
rial and remains largely unelucidated. In this study, we explored
the potential impact of two uni v ersal factors: sex and age. 

In our large cohort of hospitalized adults, AKI occurred in ap-
pr oximatel y 20% of patients, with stage 1 predominating across
both sexes. Although females experienced a higher overall in- 
cidence of AKI, stage 3 AKI was more frequent in males (15.7%
vs 14%), confirming findings from a recent UK registry-based 
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Figure 1: Distribution of AKI and AKI KDIGO stages between males and females across the four age quartiles. 

Table 4: Uni v ariate logistic r egr ession anal ysis for AKI risk acr oss the four a ge quartiles, comparing female and male patients. 

Q1 Q2 
18–59 years 60–73 years 

OR 95% CI P OR 95% CI P 
F vs M F vs M 

Sex (female) 0.72 0.66–0.78 < .001 1.03 0.96–1.10 .38 
Q3 Q4 
74–83 years ≥84 years 

OR 95% CI P OR 95% CI P 
F vs M F vs M 

Sex (female) 1.15 1.08–1.22 < .001 1.24 1.16–1.31 < .001 

Abbreviations: AKI: acute kidney injury; OR: odds ratio. 
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tudy [ 29 ]. This observation, combined with the higher ICU ad- 
ission rate among men, suggests that AKI may present more 

ev er el y in males. Unfortunatel y, the lack of detailed ICU data 
r ecluded anal ysis of admission indications and whether ICU 

dmission w as r elated to AKI complications or other causes. An- 
ther important finding is the v er y low AKI r e porting rate at 
ospital discharge (4.1%), consistent with previous studies high- 
ighting under-recognition of AKI in hospitalized patients [ 30 , 
1 ]. This pattern, observ ed acr oss differ ent populations and AKI 
ta ges, appear ed to be sex-biased at least for the less sev er e 
KI. Such underdiagnosis may have important implications for 
ost-discharg e manag ement, follow-up, and pr ev ention of AKI- 
o-CKD pr ogr ession. 
Beyond these descripti v e r esults, our data r ev eal a clear inter- 

ction between sex and age in shaping AKI risk and outcomes. 
ale patients exhibited higher AKI rates in younger age groups 

18–73 years), whereas the highest incidence occurred among fe- 
ales aged ≥84 years. This is a key finding, gi v en the ongoing 
ebate regar ding ho w patient-specific factors, such as genetic 
r edisposition, a ge, and se x, modulate AKI patho genesis and in- 
uence its epidemiology and clinical trajectory. 

Aging kidneys undergo pr ogr essi v e structural and functional
changes, including diminished excr etor y capacity and altered
cellular responses to injury [ 32 , 33 ]. Conversely, sex-related bi-
ological differences arise from complex molecular pathways
inv olving hormonal r egulation of w ater balance and tubular
tr ansport (e .g. sodium–glucose cotr ansporters), as w ell as dis-
tinct immunological and hemodynamic profiles [ 34 , 35 ]. For
instance, middle-aged and older men demonstrate enhanced
v asoconstriction thr ough upr egulation of type A endothelin r e-
ce ptors, wher eas pr emenopausal women exhibit endothelin-
mediated v asodilation pr edominantl y thr ough type B r ece ptors
[ 36 ]. Furthermore, women also generally have lower aldosterone
lev els, and estr ogens downr egulate angiotensin-conv erting en-
zyme and the angiotensin II type 1 r ece ptor [ 37 ]. These sex-
specific differ ences likel y influence AKI susce ptibility and pr o-
gression to CKD. However, although experimental studies con-
sistentl y show gr eater AKI vulnera bility and accelerated CKD
pr ogr ession in male rodents, human data remain less consistent
[ 8 , 12 , 15 , 20 ]. 

Early clinical guidelines, including KDIGO 2012, suggested that
female sex correlates with higher rates of HA-AKI; however,
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Table 5: Outcomes in AKI patients based on sex and age quartiles. 

AGE quartile N 

In-hospital death, n 
(%) ICU admission, n (%) LOS > 15 days, n (%) 

Protected 
disc harge , n (%) 

Renal r ecov er y, n 
(%) 

Q1 (18–59 y) 
Male 1463 143 (9.8) 357 (24.4) 1834 (16.4) 427 (32.3) 1083 (82) 
Female 1167 97 (8.3) 184 (15.8) 1658 (14.2) 227 (21.2) 853 (79.7) 
P - .196 < .0001 < .0001 < .0001 .149 
OR F vs M (95%CI) - 0.84 (0.64–1.09) 0.58 (0.48–0.70) ∗ 0.93 (0.79–1.08) 0.56 (0.47–0.68) 0.86 (0.7–1.06) 
Q2 (60–73 y) 
Male 2390 391 (16.4) 392 (16.4) 2281 (18.3) 666 (33.3) 1608 (80.5) 
Female 1705 251 (14.7) 259 (15.2) 1861 (24.4) 504 (34.7) 1165 (80.1) 
P - .155 .296 < .0001 .409 .77 
OR F vs M (95%CI) - 0.88 (0.74–1.05) 0.91 (0.377–1.08) 1.10 (0.97–1.24) 1.06 (0.92–1.22) 0.98 (0.82–1.16) 
Q3 (74–83 y) 
Male 2738 548 (20.0) 336 (12.3) 2615 (21.6) 835 (38.1) 1800 (82.2) 
Female 2801 468 (16.7) 264 (9.4) 2556 (23.0) 920 (39.4) 1902 (81.5) 
P - .001 .001 .014 .368 .56 
OR F vs M (95%CI) - 0.80 (0.70–0.92) ∗ 0.74 (0.63–0.88) ∗ 0.93 (0.83–1.03) 1.05 (0.94–1.19) 0.96 (0.82–1.11) 
Q4 ( ≥84 y) 
Male 2007 548 (27.3) 98 (4.9) 1683 (21.8) 584 (40.0) 1252 (85.9) 
Female 3675 726 (19.8) 129 (3.5) 2610 (20.6) 1229 (41.7) 2512 (85.2) 
P - < .001 .012 .654 .295 .56 
OR F vs M (95%CI) - 0.65 (0.58–074) ∗ 0.71 (0.54–0.93) ∗ 0.82 (0.74–0.92) 1.07 (0.94–1.21) 0.95 (0.79–1.13) 

Abbreviations: AKI: acute kidney injury; ICU: intensive care unit; LOS: length of stay. ∗ P < .05. 
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larg er epidemiolog ical studies hav e not r elia b l y confirmed these 
findings [ 38 , 39 ]. Mor eov er, evidence of sex-based disparities in 

AKI incidence and short-term outcomes is still unsatisfying and 
r e ports contrasting data. In this view, a r ecent secondar y anal- 
ysis of the STARRT-AKI, a randomized clinical trial in critically 
ill adults, found no modification by sex on the relationship be- 
tween timing of kidney r e placement therapy (KRT) initiation, 90- 
day mortality, KRT dependence, or healthcare resource use [ 40 ]. 

Within this complex and sometimes contradictory landscape, 
our large cohort study offers novel insights, showing that the 
highest AKI incidence observed among females was largely 
dri v en by the oldest age groups. Moreover, in the last two age 
quartiles, female sex was associated with a higher risk of AKI. 
These findings suggest that the risk of developing AKI can be 
dependent on sex but that sex relationship with AKI incidence 
is not continuous with age, showing a conversion between the 
third and fourth quartiles (74–84 years) and leading to the obser- 
vation that male patients are at higher risk in the younger pop- 
ulation, whereas female patients are at higher risk in the older 
cohort. 

These findings should be interpreted cautiously and viewed as 
descripti v e associations rather than causal effects. Indeed, the 
observed pattern may reflect a survivor bias or unique patho- 
physiological c har acteristics of AKI in v er y old females that 
ar e potentiall y r elated to tr ansient, hemodynamic insults r ather 
than a sustained and prolonged injury. 

Mor eov er, comorbidities may mispercei v e the association be- 
tween sex and AKI-related mortality, as r ecentl y r e ported for 
male patients [ 41 ]. 

An alternati v e plausib le explanation for these discr e pancies 
is that standard serum creatinine–based AKI definitions, as sim- 
ilarly discussed for CKD, may perform poorly in older adults, par- 
ticularly females with reduced muscle mass or sarcopenia [ 42 , 
43 ]. 

Complementar y dia gnostic tools such as cystatin C or urinary 
biomarkers warrant further investigation and validation to es- 
ta b lish mor e accurate and clinicall y r elev ant definitions of AKI 

in this specific population [ 25 ]. Howe ver, e ven in this case, cau-
tion is needed, as recent studies suggest that biomarker perfor-
mance may differ by sex, reinforcing the need for sex-specific ap-
pr oaches in AKI r esearch and mana gement [ 44 ]. Anyw ay, pr evi-
ous cohort studies suggested that the relationship between age,
mortality, and AKI risk in older adults is not strictly age depen-
dent. Xu et al . r e ported that adv anced a ge did not show a linear
correlation with increased AKI risk or mortality in elderly pa-
tients [ 45 ]. Similarly, Medunjanin et al . observed that advanced
a ge w as associated with a lower incidence of KRT following AKI
[ 46 ]. 

Our study has several strengths, including the large sample 
size and consistent design, but also some important limitations.

In particular, although our results are consistent with those 
r e ported in large epidemiological studies, the pragmatic ap-
proach used to define AKI, while reflective of real-world clini-
cal practices, introduces a potential source of v aria bility. Specif-
ically, the choice of baseline serum creatinine , lac k of specific
time points to determine sCr, and the absence of data on urine
output may significantly impact the accuracy of AKI incidence 
assessments and recognition [ 47 ]. 

The absence of urine output data is particularly relevant 
among older patients, in whom serum creatinine may be an un-
r elia b le dia gnostic marker due to malnutrition, sarcopenia, and
physical inactivity. This limitation, however, is common to much 

of the current AKI epidemiological literature [ 48 , 49 ]. 
Collecti v el y, these issues raise concerns about the validity of a

cr eatinine-onl y AKI definition, especiall y in an a ging population,
and support the need for future multidimensional diagnostic ap- 
proac hes that inte gr ate kidney injury biomarkers and functional
measur es (e.g. r enal functional r eserv e), as also emphasized by
recent KDIGO initiatives [ 50 ]. 

An additional limitation is the lack of information on the ex-
act timing of AKI onset, precluding time-to-event analyses. How- 
ev er, because AKI w as identified r etr ospecti v el y based on serum
creatinine changes occurring at any time during hospitaliza- 
tion, anal yses r estricted to patients who developed AKI may still
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e susce ptib le to immortal time and selection bias. Although 

e limited outcome analyses to in-hospital binary events and 
 voided time-to-e vent approaches to minimize this issue, resid- 
al bias cannot be fully excluded. 
Mor eov er, we hav e no data on causes of hospitalization, and 

otential selection bias cannot be excluded, as sev er e AKI might 
 e pr esent both a cause and a consequence of clinical deteriora- 
ion. Comorbidity data were derived solely from administrative 
 ecords, potentiall y leading to misclassification. Finally, while 
he age-quartile str atification allow ed robust statistical analy- 
is, it may not full y r eflect physiological heterogeneity. In par- 
icular, because the cohort was overall elderly, the first quartile 
 as br oad (18–59 years), wher eas the third quartile w as r ela- 
i v el y narr ow (74–83 years), potentiall y limiting the generaliz- 
bility and emphasizing the need for population-specific epi- 
emiological fr amew orks [ 51 ]. Nev ertheless, our data clearl y in- 
icate that the incidence, severity, and outcomes of AKI differ 
etween males and females across the lifespan, reflecting com- 
lex inter actions betw een biological and clinical factors. Conse- 
uently, adopting a sex–age–specific perspective in AKI resear c h 

ay help to better describe AKI epidemiology and short-term 

utcomes and to inform the evaluation of long-term sequelae. 
ndeed, although long-term outcomes were not assessed in the 
r esent study, pr e vious cohort studies ha ve identified female sex 
s an independent risk factor for AKI-to-CKD pr ogr ession [ 52 ]. In- 
orporating sex by age interaction into epidemiological and clin- 
cal studies may impr ov e AKI r ecognition, ena b le mor e personal- 
zed treatment str ate gies, and enhance prevention of long-term 

 enal complications [ 53 ]. Appr opriatel y designed studies should 
urther explore the prognostic implications of these findings. Ul- 
imately, translating these insights into clinical practice will be 
ritical for achieving equita b le and personalized kidney care. 
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