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Abstract

Aim: We aimed to assess the translational relevance of blood gas-derived acid-base parameters measured in rat and pig models of cardiac arrest
and cardiopulmonary resuscitation, evaluating their potential as predictors of mortality and poor neurological outcome.

Methods: Seventy-seven rats, 83 pigs and 61 patients who experienced cardiac arrest of proven or suspected cardiac origin were retrospectively
analyzed. Blood gas analyses were performed 4 h after return of spontaneous circulation. Neurological recovery was assessed using Neurological
Deficit Score in rats, overall performance category in pigs, and cerebral performance category in patients. Nonlinear associations between blood
gas-derived acid-base parameters and outcomes were analyzed using a generalized additive model. Receiver operating characteristics curve anal-
yses were performed.

Results: In a multivariate regression analysis area under the curve, considering pH, base excess and lactate, for prediction of mortality were respec-
tively: 0.796 (95%Cl: 0.635—0.956), 0.980 (95%CI: 0.946—1.000), 0.959 (95%Cl: 0.896—1.000) in rats; 0.908 (95%Cl: 0.826-0.990), 0.933 (95%Cl:
0.863-1.000), 0.798 (95%Cl: 0.588-1.000) in pigs; and 0.830 (95%Cl: 0.724—0.936), 0.832 (95%Cl: 0.731-0.933), 0.839 (95%Cl: 0.738-0.940) in
patients. Area under the curve, considering pH, base excess and lactate, for prediction of poor neurological outcome were respectively: 0.673 (95%
Cl: 0.515-0.831), 0.724 (95%Cl: 0.576—-0.872), 0.900 (95%CI: 0.760—-1.000) in pigs; and 0.835 (95%CI: 0.734—0.937), 0.835 (95%Cl: 0.735-0.936),
0.884 (95%Cl: 0.793-0.945) in patients.

Conclusion: Arterial pH, base excess and lactate were early independent predictors of both 24-h mortality and neurological outcome following car-
diac arrest in animal models and in humans. BE showed the highest predictive value for mortality, while lactate was the strongest predictor for poor
neurological outcome.
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of patients after successful resuscitation remains inherently chal-

Introduction lenging.® Early physician prognostications sometimes inadequately

capture the true progression of the disease,* possibly resulting in
Cardiac arrest (CA) remains a major health burden.' Even when the premature withdrawal of treatments.® Conversely, the
return of spontaneous circulation (ROSC) is achieved, long-term persistence of aggressive life-sustaining interventions may cause
prognosis remains poor.” Accurately predicting the clinical trajectory unnecessary suffering and unjustifiable costs if not aligned with the
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patient’s goals of care.® Reliable prognostic models combining objec-
tive parameters and multiple predictive factors are essential to guide
accurate and ethically sound decision-making.”® Among the avail-
able laboratory parameters, pH, base excess (BE) and lactate are
routinely measured in most hospital settings and reflect the duration
and severity of tissue hypoxia.®® In acute care settings, several stud-
ies have consistently demonstrated their association with survival
across various pathologies, including multiple trauma, sepsis, pneu-
monia and immune system disorders.'®"'? After CA and cardiopul-
monary resuscitation (CA/CPR) growing evidence indicates that pH
and lactate levels serve as reliable predictors of survival and neuro-
logical outcome in humans.'"'® For instance, arterial pH has been
proposed as a component of a multimodal evaluation for early
assessment of neurological prognosis, due to its strong discrimina-
tory ability for poor neurological outcomes and high specificity and
positive predictive value.'® Evidence also indicate an association
between BE and neurological outcome in clinical populations. How-
ever, although pre-hospital venous BE measured at the beginning
of CPR has been independently associated to neurological out-
come,?®?" the overall evidence supporting the predictive value of
these parameters remains limited. Furthermore, no data are cur-
rently available regarding their predictive performance in animal
model of CA/CPR. This observational retrospective study aims to
evaluate the translational relevance of value of arterial blood gas
(ABG)-derived acid-base parameters measured shortly after resusci-
tation in rat and pig models of CA/CPR, and to compare these results
with corresponding ABG measurements obtained in human patients
after resuscitation.

Materials and methods

This study was a retrospective analysis of data acquired from earlier
prospective investigations.?>>° All procedures involving animals and
their care conformed with national and international laws and poli-
cies. Approval of the original studies were obtained from the institu-
tional review board and governmental institution (Ministry of Health
approval no. 683/2023-PR, for rat model of CA/CPR; no. 84/2014-
PR, 72/2014-PR, 657/2020-PR, 1129/2020-PR for pig model of
CA/CPR). The data supporting the findings of this study are available
from the corresponding author upon reasonable request.

Study 1: rat model of CA/CPR
The experimental design is illustrated in Fig. 1A. Detailed methods
for animal preparation, CA/CPR procedure, and measurements are
provided in Supplemental Material.

Experimental procedures

Male Sprague- Dawley ex-breeder rats (weight, 464 + 32 g; n=77)
(Envigo) were used for the study. Animals were anesthetized and
instrumented for hemodynamic measurements and induction of
CA, as previously reported.>® An established model of electrically
induced CA/CPR was used, as described in the Supplemental Meth-
0ds.®° Animals underwent 8 min of untreated ventricular fibrillation
(VF) followed by 8 min of mechanical chest compressions and ven-
tilation prior to defibrillation. After successful resuscitation, animals
were invasively monitored for 4 h before being returned to their
cages. Blood gas analyses were assessed at baseline, 2- and 4-h

post-ROSC. Neurological recovery was assessed 24 h after resusci-
tation using Neurological Deficit Score (NDS) ranging from 0 (brain
death) to 500 (normal), as described in the Supplemental Material
(Table 4A).%" Scoring was performed by collaborators. Animals that
achieved ROSC (n=58) were retrospectively classified according
to their 24 h survival status, resulting in two groups: survivors
(n=26) and non-survivors (n = 32). In this species, neurological out-
comes were assessed only through correlation analyses, as no val-
idated NDS cut-off exists to distinguish favorable from unfavorable
outcomes. This lack of a standardized threshold prevented the devel-
opment of a predictive model for neurological prognosis.

Study 2: pig model of CA/CPR
The experimental design is illustrated in Fig. 1B. Detailed methods
for animal preparation, CA/CPR procedure, and measurements are
provided in Supplemental Materials.

Experimental procedures

Male domestic pigs (weight, 39 + 4 kg; n=83) were used for the
study. Animals were anesthetized and instrumented for hemody-
namic measurements and induction of CA, as previously reported.?”
An established model of ischemically induced CA/CPR was used, as
described in the Supplemental Methods.?*2° Briefly, animals under-
went 12—14 min of ischemic VF followed by 5 min of mechanical
chest compressions and ventilation prior to defibrillation. After suc-
cessful resuscitation, animals were invasively monitored for 4 h
before being returned to their cages. Blood gas analyses were
assessed at baseline, 2- and 4-h post-ROSC. Neurological recovery
was assessed at 96 h post-ROSC according to the overall perfor-
mance category (OPC), as described in the Supplemental Material
(Table 4B).%2 Scores were assessed by veterinarians.?® Animals that
achieved ROSC (n = 64) were first retrospectively classified accord-
ing to their 24 h survival status, resulting in two groups: survivors
(n=49) and non-survivors (n=15). The same cohort was then fur-
ther evaluated and stratified based on 96-h neurological outcome,
categorized as good (OPC 1-2, n=31) or poor (OPC 3-5, n=33).

Study 3: patient cohort

This retrospective, observational cohort study included all adult
patients with out-of-hospital and in-hospital CA who were admitted
to the ICU of the IRCCS Fondazione Ca’ Granda Ospedale Maggiore
Policlinico in Milan (Italy), over a 4-year period (August 8th, 2020—
June 6th, 2023).2° The study complies with the Declaration of Hel-
sinki and was approved by the Regional Ethics Committee “Lombar-
dia 3” (approval no. OSMAMI25/07/2024-0029769-U) and registered
on ClinicalTrials.gov (NCT06608771). Written informed consent was
waived in accordance with local regulations on retrospective study
design. Detailed methods for eligibility criteria and measurements
are provided in Supplemental Material. Adult patients admitted to
the ICU following in-hospital and out-of-hospital CA due to a pre-
sumed cardiac cause, were included. Arterial blood gas analyses
were assessed at ICU admission. Functional recovery was evaluated
at ICU discharge according to cerebral performance category (CPC),
as described in the Supplemental Material (Table 4C).% In the pre-
sent analysis, included patients (n=61) were first classified accord-
ing to their ICU survival status as survivors (n=40) and non-
survivors (n=21). The same cohort was further evaluated and strat-
ified based on neurological outcome, categorized as good (CPC 1-2,
n=33) or poor (CPC 3-5, n=28).
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Fig. 1 - Experimental designs. Experimental designs adopted for rat model (A) and pig model (B).

ABG indicates arterial blood gas; CPR, cardiopulmonary resuscitation; DAP, diastolic arterial pressure; ECG, electrocardiogram; Epi,
epinephrine; EtCO,, end-tidal carbon dioxide; MAP, mean arterial pressure; NDS, neurological deficit score; OPC, overall performance
category; RAP, right atrial pressure; ROSC, return of spontaneous circulation; SAP, systolic arterial pressure; VF, ventricular fibrillation.

Statistical analysis

Statistical analyses were performed using R Studio (v2024.12.1
+563) and GraphPad Prism v10.5.0 (GraphPad Software, San
Diego, CA, USA). Continuous and categorical data were expressed
as means (standard deviation) and frequency (percentage), respec-
tively. Normality of continuous variables was assessed using the
D’agostino & Pearson test. Differences between groups were
assessed using the Wilcoxon rank-sum test for continuous data
and Fisher’s exact test for categorical data. Nonlinear associations
between ABG-derived acid-base parameters and outcomes were
modeled using multivariate generalized additive model (GAM)>*3°
including relevant covariates (age, coronary perfusion pressure
(CPP), number of shocks and time to ROSC for animal models
and age, gender, body weight, initial presenting rhythm, CPP and
time to ROSC for patient cohort) as adjustment terms. Each param-
eter (pH, BE and lactate levels) was added separately to the adjusted
model to evaluate its incremental predictive value for 24 h mortality
and poor neurological outcome. Model discrimination was compared
by the area under the receiver operating characteristic curve (AUC)
and the Delong test. The model fitting effects were evaluated using
Akaike Information Criterion (AIC), Bayesian Information Criterion
(BIC), Generalized Cross-Validation (GCV) and Coefficient of Deter-
mination (R?/R-squared). Optimal cutoff values were determined
using the Youden index (J= sensitivity + [specificity — 1]). Correla-
tions between variables were explored using linear regression anal-
ysis, and the degree of association was reported using the

Spearman’s rank correlation coefficient. Statistical significance was
set at p-value <0.05.

Results

Study1: rat model of CA/CPR

24 h mortality

Comparing with survivors, non-survivors were older (p < 0.05) and
showed a lower pH (p=0.001), a worse BE (p < 0.001) and a higher
lactate (p < 0.001) at 4 h post-ROSC (Table 1A). pH, BE and lactate
were subsequently entered into the adjusted model individually to
assess their incremental predictive contribution to 24-h mortality.
ROC curves were plotted (Fig. 2A), and the corresponding AUCs
were 0.796 (95%Cl: 0.635-0.956) for pH, 0.980 (95%CI: 0.946—
1.000) for BE, 0.959 (95%Cl: 0.896—1.000) for lactate. A statistically
significant difference in AUCs was observed only between pH and
BE (p=0.035). pH, BE and lactate levels measured 4 h after resus-
citation were independent predictors of 24 h mortality, with the most
accurate predictive model incorporating BE, followed by lactate and
pH. This model emerged as the most reliable predictor based on the
lowest AIC, BIC and GVC values, alongside the highest AUC and /2
values (Fig. 2A and Table 2A). The optimal BE cut-off value to pre-
dict 24 h mortality was < —10.5 mmol/L (sensitivity 100%, specificity
77.3%); for lactate, it was >1.995 mmol/L (sensitivity 93.8%, speci-
ficity 92.9%) and for pH the threshold was <7.315 (sensitivity 81%,


move_t0005
move_f0010
move_t0010

RESUSCITATIONPLUS 28(2026) 101228

Table 1 - Subjects characteristics of rat model of CA/CPR (A), pig model of CA/CPR (B, C) and patient cohort (D, E).
(A) Subjects characteristics for rat model of CA/CPR stratified according to 24-h mortality status (survivor vs. non-
survivors). (B) Subjects characteristics of pig model of CA/CPR stratified according to 24-h mortality status
(survivor vs. non-survivors) and (C) according to neurological outcome at 96 h post resuscitation (good-OPC vs.
poor-OPC). (D) Patient cohort stratified according to hospital mortality status (survivor vs. non-survivors) and (E)
according to neurological outcome at ICU discharge (good-CPC vs. poor-CPC). BE indicates base excess; BL,
baseline; CPC, cerebral performance category; CPP, coronary perfusion pressure; OPC, overall performance
category; ROSC, return of spontaneous circulation.

A
24-h mortality
Variables n Non-survivors Survivors p-valueb
n=32°2 n=26%
Age (weeks) 46 30.1 (3.5) 27.6 (3.7) 0.008
CPP 52 25.6 (4.6) 24.0 (5.2) 0.3
Time to ROSC (s) 58 972 (15) 967 (13) 0.085
n shocks 58 2 (1) 2(1) 0.6
pH BL 52 7.44 (0.04) 7.45 (0.02) 0.4
pH 2h 54 7.26 (0.10) 7.35 (0.05) 0.001
pH4h 43 7.09 (0.65) 7.37 (0.11) 0.001
paCO, BL 51 38.0 (5.1) 37.1 (4) 0.6
paCO, 2 h 54 33 9) 38 (6) 0.01
paCO;, 4 h 43 6 (9) 5 (10) 0.01
BE BL (mmol/L) 52 1.77 (3 24) 2. 00 (2.17) 0.7
BE 2 h (mmol/L) 54 —-11.2 (5.2) —4.7 (2.9) <0.001
BE 4 h (mmol/L) 44 —16.0 (7) —5.0 (3) <0.001
Lactate BL (mmol/L) 27 1.95 (1.78) 1.25 (0.63) 0.060
Lactate 2 h (mmol/L) 33 4.54 (2.63) 1.44 (0.68) <0.001
Lactate 4 h (mmol/L) 30 4.80 (3.10) 1.27 (0.46) <0.001
B
24-h mortality
Variables n Non-survivors Survivors p-value®
n=15% n =492

Adrenaline 59 0.047

1mg 7 (47%) 34 (77%)

2mg 5 (33%) 8 (18%)

3mg 3 (20%) 2 (5%)
CPP 59 5 (14) 36 (15) >0.9
Time to ROSC (s) 64 1270 (220) 1122 (195) 0.004
n shocks 64 1(19) 13 (20) 0.019
pH BL 64 7.45 (0.05) 7.48 (0.06) 0.090
pH2h 64 7.26 (0.08) 7.35 (0.05) <0.001
pH 4 h 56 7.31 (0.10) 7.41 (0.06) <0.001
paCO, BL 64 37.83 (2.48) 37.28 (2.67) 0.5
paCO, 2 h 64 41.9 (7.6) 40.1 (4.4) 0.8
paCO, 4 h 56 40.2 (9.1) 40.6 (5.0) 0.5
BE BL (mmol/L) 64 2.1 (3.1) 4.0 (3.5) 0.034
BE 2 h (mmol/L) 63 —8.7 (3.0) —3.3 (5.1) <0.001
BE 4 h (mmol/L) 56 —6.0 (5.5) 1.4 (3.9) <0.001
Lactate BL (mmol/L) 26 2.87 (2.50) 1.86 (0.67) 0.5
Lactate 2 h (mmol/L) 25 7.31 (1.65) 8.18 (4.25) <0.9
Lactate 4 h (mmol/L) 19 6.05 (4.08) 4.55 (3.33) 0.5
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C
Poor neurological outcome
Variables n Good-OPC Poor-OPC p-value®
n=31°% n=33%
Adrenaline 59 0.6
1mg 22 (76%) 19 (63%)
2mg 5 (17%) 8 (27%)
3mg 2 (7%) 3 (10%)
CPP 59 38 (11) 34 (12) 0.4
Time to ROSC (s) 64 1121 (165) 1191 (241) 0.8
n shocks 64 15 (21) 15 (18) 0.8
pH BL 64 7.48 (0.06) 7.46 (0.06) 0.2
pH2h 64 7.37 (0.07) 7.29 (0.09) <0.001
pH 4 h 56 7.42 (0.05) 7.36 (0.10) 0.014
paCO, BL 64 37.12 (2.77) 37.68 (2.48) 0.3
paCO, 2 h 64 39.4 (3.6) 41.5 (6.4) 0.4
paCO, 4 h 56 40.6 (3.9) 40.5 (7.7) 0.4
BE BL (mmol/L) 64 3.8 (3.8) 3.3 (3.3) 0.6
BE 2 h (mmol/L) 63 —2.5 (5.0) —6.4 (4.8) 0.003
BE 4 h (mmol/L) 56 1.7 (3.7) —1.9 (5.8) 0.027
Lactate BL (mmol/L) 26 1.92 (0.76) 2.52 (2.13) 0.7
Lactate 2 h (mmol/L) 25 6.87 (4.54) 8.47 (2.40) 0.048
Lactate 4 h (mmol/L) 19 3.56 (2.64) 6.82 (3.85) 0.079
D
ICU mortality
Variables n Non-survivors Survivors p-value®
N=212 N=40?
Age 61 65 (13) 59 (14) 0.027
Gender 61 0.4
Female 3 (14%) 3 (8%)
Male 18 (86%) 37 (93%)
Body weight 61 77 (21) 80 (14) 0.6
Rhythm 61 0.057
Shockable rhythm 13 (62%) 34 (85%)
Non-shockable rhythm 8 (38%) 6 (15%)
Adrenaline 59 0.017
0mg 2 (10%) 15 (38%)
1mg 2 (10%) 12 (31%)
2mg 4 (20%) 3 (8%)
3mg 3 (15%) 2 (5%)
4mg 4 (20%) 3 (8%)
5mg 1 (5%) 2 (5%)
6 mg 1 (5%) 1 (3%)
7 mg 1 (5%) 1 (3%)
8 mg 2 (10%) 0
Time to ROSC (min) 61 33 (20) 21 (14) 0.01
n shock 59 2(2) 3 (3) 0.3
pH 61 7.32 (0.10) 7.36 (0.09) 0.2
paCO, 61 38 (8) 39 (9) 0.8
BE (mmol/L) 61 —6.0 (4.5) —3.6 (4.0) 0.023
Lactate (mmol/L) 61 4.43 (2.59) 2.52 (1.79) <0.001

(continued on next page)
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Table 1 (continued)

E
Poor neurological outcome
Variables N Good-CPC Poor-CPC p-value®
N=33° N=28°

Age 61 59 (14) 64 (13) 0.035
Gender 61 0.4

Female 2 (6%) 4 (14%)

Male 31 (94%) 24 (86%)
Body weight 61 80 (13) 78 (20) 0.5
Rhythm 61 0.14

Shockable rhythm 28 (85%) 19 (68%)

Non-shockable rhythm 5 (15%) 9 (32%)
Adrenaline 59 0.005

0mg 14 (43%) 3 (12%)

1mg 11 (83%) 3 (12%)

2mg 3 (9%) 4 (15%)

3mg 1 (3%) 4 (15%)

4 mg 3 (9%) 4 (15%)

5mg 1 (3%) 2 (8%)

6 mg 0 2 (8%)

7 mg 0 2 (8%)

8 mg 0 2 (8%)
Time to ROSC (min) 61 18 (13) 33 (19) 0.001
n shock 59 2(2) 3 (3) 0.4
pH 61 7.37 (0.08) 7.32 (0.11) 0.10
paCO, 61 38 (8) 39 (10) >0.9
BE (mmol/L) 61 -3.3 (3.3) —5.7 (5.0) 0.007
Lactate (mmol/L) 61 2.09 (1.30) 4.46 (2.51) <0.001

2 Mean (SD); n (%).
® Wilcoxon rank sum test; Fisher's exact test.

specificity 72.7%). Analyses performed at 2 h post-ROSC are
detailed in the Supplemental Methods.

Poor neurological outcome

At 4h post-ROSC we observed a positive correlation of pH
(r=0.460, p<0.005 95%Cl: 0.155-0.685) and BE (r=0.817,
p < 0.0001, 95%Cl: 0.670-0.902), and a negative correlation of lac-
tate (r=—-0.777, p<0.0001, 95%Cl: —0.892 to —0.566) with NDS
assessed at 24 h after resuscitation (Fig. 2B). Analyses performed
at 2 h post-ROSC are detailed in the Supplemental Methods.

Sudy2: pig model of CA/CPR

24 h mortality

Comparing with survivors, non-survivors showed a longer time to
ROSC (p < 0.005), a higher number of shocks (p < 0.05), lower pH
(p<0.001) and a worse BE (p<0.001) at 4h post-ROSC
(Table 1B). ROC curves were plotted (Fig. 3A); and the correspond-
ing AUCs were 0.908 (95%CI: 0.826—0.990) for pH, 0.933 (95%Cl:
0.863-1.000) for BE, 0.798 (95%Cl: 0.588—1.000) for lactate. The
comparison of AUCs revealed no statistical difference among the
three parameters. pH, BE and lactate levels measured 4 h after
resuscitation were independent predictors of 24 h mortality, with
the most accurate predictive model incorporating BE, followed by
lactate and pH. Evaluation of model performance indicated that this
model was the most robust predictor, combining the lowest GCV with
the highest AUC and A values (Fig. 3A and Table 2B). The optimal
BE cut-off value to predict 24 h mortality was <—3.5 (sensitivity
89.1%, specificity 70%); for lactate, it was >3.58 mmol/L (sensitivity

58.3%, specificity 71.4%) and for pH the threshold was <7.36 (sen-
sitivity 82.6%, specificity 80%). Analyses performed at 2 h post-
ROSC are detailed in the Supplemental Methods.

Poor neurological outcome

Compared with those in good-OPC group, pigs in poor-OPC group
showed a lower pH (p < 0.05) and a worse BE (p < 0.05) at 4 h post
ROSC (Table 1C). ROC curves were plotted (Fig. 3B); and the cor-
responding AUCs were 0.673 (95%Cl: 0.515-0.831) for pH, 0.724
(95%Cl: 0.576-0.872) for BE, 0.900 (95%Cl: 0.760—1.000) for lac-
tate. A statistically significant difference in AUCs was observed only
between pH and BE (p = 0.039). pH, BE and lactate levels measured
4 h after resuscitation were independent predictors of poor neurolog-
ical, with the most accurate predictive model incorporating lactate,
followed by BE and pH. Among the models tested, this one proved
the most reliable, as reflected by its minimal AIC, BIC values and
maximal AUC and R? values (Fig. 3B and Table 2C). The optimal lac-
tate cut-off value to predict poor neurological outcome was
>3.58 mmol/L (sensitivity 77.8%, specificity 70%); for BE, it was
<—3.5 mmol/L (sensitivity 40%, specificity 93.5%) and for pH the
threshold was <7.36 (sensitivity 52%, specificity 90.3%). Analyses
performed at 2h post-ROSC are detailed in the Supplemental
Methods.

Study3: patient cohort

ICU mortality

Compared with those of survivors, patients in non-survival group
showed a higher age (p < 0.05), a longer time to ROSC (p < 0.01),
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Fig. 2 - Rat model of CA/CPR: ROC curves of pH, BE and lactate measured at 4 h post-ROSC (A) and correlation
between pH, BE and lactate measured 4 h post-ROSC with NDS assessed at 24 h after resuscitation (B). (A) The
multivariate regression models were adjusted for age, CPP and time to ROSC. (B) Scatter plot illustrating the
relationship between pH, BE and lactate measured at 4 h post-ROSC with NDS assessed 24 h after resuscitation.

Spearman’s correlation coefficient plots.

AUC indicates area under the curve; BE, base excess; Lac, lactate; NDS, neurological deficit score; ROC, receiver operating characteristics.

a worse BE (p<0.05) and a higher lactate (p<0.001) at ICU
admission (Table 1D). ROC curves were plotted (Fig. 4A); and the
corresponding AUCs were 0.830 (95%Cl: 0.724-0.936) for pH,
0.832 (95%Cl: 0.731-0.933) for BE, 0.839 (95%Cl: 0.738-0.940)
for lactate. The comparison of AUCs revealed no statistical differ-
ence among the parameters. pH, BE and lactate levels measured
at ICU admission were independent predictors of mortality, with the
most accurate predictive model incorporating BE, followed by lactate
and pH. This model emerged as the slightly superior predictor based
on the lowest AIC, BIC and GVC and highest R values, despite low-
est AUC values (Fig. 4A and Table 2D). The optimal BE cut-off value
to predict mortality was <—5.4 mmol/L (sensitivity 80%, specificity
57.1%); for lactate, it was >2.75 mmol/L (sensitivity 72.5%, speci-
ficity 81%) and for the threshold was <7.293 (sensitivity 82.5%,
specificity 38.1%).

Poor neurological outcome

Compared with those of good-CPC, patients in poor-CPC group
showed a higher age (p<0.05), a longer time to ROSC
(p<0.001), a worse BE (p<0.05) and a higher lactate (p <0.001)
at ICU admission (Table 1E). ROC curves were plotted (Fig. 4B);
and the corresponding AUCs were 0.835 (95%ClI: 0.734-0.937) for
pH, 0.835 (95%Cl: 0.735-0.936) for BE, 0.884 (95%Cl: 0.793—
0.945) for lactate. The comparison of AUCs revealed no statistical
difference among the parameters. pH, BE and lactate levels mea-
sured at ICU admission were independent predictors of poor neuro-
logical outcome, with the most accurate predictive model
incorporating lactate, followed by BE and pH. Among the models
tested, lactate proved the most reliable, as reflected by its minimal
AIC, BIC and GCV values and maximal AUC and R® values
(Fig. 4B and Table 2E). The optimal lactate cut-off value to poor neu-
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Table 2 - Comparison of predictive models in rat model of CA/CPR (A), pig model of CA/CPR (B, C) and patient
cohort (D, E). (A)Comparison of predictive models for 24-h mortality in rat model of CA/CPR. The multivariate
regression models were adjusted for age, CPP and time to ROSC. (B) Comparison of predictive models for 24-h
mortality and (C) for poor neurological outcome in pig model of CA/CPR. The multivariate regression models were
adjusted for CPP, number of shocks and time to ROSC for pH and BE; while for CPP and time to ROSC for lactate.
(D) Comparison of predictive models for ICU mortality and (E) for poor neurological outcome in patient cohort. The
multivariate regression models were adjusted for age, gender, body weight, initial presenting rhythm CPP, and
time to ROSC. AIC indicates Akaike information criterion; AUC, area under the Receiver operating characteristics
curve; BE, base excess; BIC, Bayesian information criterion; CPP, coronary perfusion pressure; GCV, generalized
cross-validation; ICU, intensive care unit; ROSC, return of spontaneous circulation; lac, lactate; NPV, negative
predictive value; PPV, positive predictive value, R%, R-squared/coefficient of determination.

A
Adjusted model
for age, CPP and time to ROSC
n surv n non-surv PPV NPV AUC AlC BIC GCV R
Time point: 4 h
pH 21 22 0.74 0.80 0.796 51.441 60.045 0.297 0.035
BE 22 22 0.82 1 0.980 24.062 32.856 0.120 0.606
Lac 16 14 0.94 0.93 0.959 35.637 43.630 0.202 0.357
B
Adjusted model for
CPP, n shock and time to ROSC
n surv n non-surv PPV NPV AUC AlC BIC GCV R?
Time point: 4 h
pH 46 12 1 0.53 0.908 39.049 50.400 0.126 0.260
BE 46 12 1 0.53 0.933 33.851 45.202 0.113 0.335
Lac 15 9 1 0.64 0.798 31.008 35.731 0.284 0.088
C
Adjusted model for
CPP, n shock and time to ROSC
n good n poor PPV NPV AUC AIC BIC GCV R
Time point: 4 h
pH 31 25 0.65 0.71 0.673 78.347 89.938 0.264 0.035
BE 31 25 0.90 0.71 0.724 73.778 85.368 0.242 0.118
Lac 10 9 0.75 1 0.900 28.485 33.217 0.249 0.254
D
Adjusted model for
age, gender, body weight, initial presenting rhythm and time to ROSC
n surv n non-surv PPV NPV AUC AlC BIC GCV R
Time point: ICU admission
pH 40 21 0.91 0.62 0.830 80.811 97.698 0.216 0.166
BE 40 21 0.87 0.67 0.832 79.509 96.396 0.212 0.184
Lac 40 21 0.88 0.65 0.839 80.370 97.260 0.215 0.172
E
Adjusted model for
age, gender, body weight, initial presenting rhythm and time to ROSC
n good n poor PPV NPV AUC AlC BIC GCV R?
Time point: ICU admission
pH 33 28 0.83 0.76 0.835 85.639 102.53 0.234 0.180
BE 33 28 0.86 0.75 0.835 85.073 101.96 0.232 0.187
Lac 33 28 0.81 0.90 0.884 80.342 97.229 0.215 0.248
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Fig. 3 - Pig model of CA/CPR: ROC curves of pH, BE and lactate measured 4 h post-ROSC for 24-h mortality (A) and for

poor neurological outcome (B).

The multivariate regression models were adjusted for CPP, number of shocks and time to ROSC for pH and BE; while for CPP and time to

ROSC for lactate.

AUC indicates area under the curve; BE, base excess; Lac, lactate; ROC, receiver operating characteristics.

rological outcome was >2.75 mmol/L (sensitivity 78.6%, specificity
81.8%); for BE, it was <—5.4 mmol/L (sensitivity 60.7%, specificity
84.8%) and for pH the threshold was <7.388 (sensitivity 82.1%,
specificity 42.4%).

Discussion

Our study evaluated the prognostic value of ABG-derived acid-base
parameters for predicting mortality and neurological outcomes
across two animal experimental models of CA/CPR. A predictive
model based on pH, BE and lactate was developed for the first time
in animals and further validated in human CA patients. Our findings
were consistent across species, supporting the translational rele-
vance of the results and the importance of continued use of animal
models in cardiac arrest research. In our study, BE emerged as
the strongest predictor of 24-h mortality across all three cohort.
The optimal BE cut-off value were <—10.5 mmol/L in rat model,
<—3.5 mmol/L in pig model and <—5.4 mmol/L in patients. BE quan-
tifies the amount of base required to return the pH of a liter of fully
oxygenated arterial blood to the physiological value of 7.40 under
standard conditions (37°C, PaCO, of 40 mmHg).*® In the context
of CA, the abrupt interruption of circulation results in widespread tis-
sue hypoxia, leading to the accumulation of acidic metabolic byprod-
ucts and the development of significant metabolic acidosis. While
elevated lactate levels are commonly used to assess the severity
of tissue hypoxia, they only partially explain the degree of metabolic
acidosis observed following CA.?° BE offers a more integrated mea-
sure, encompassing both lactate-dependent and lactate-
independent components of metabolic disturbance.>” A previous
study reported a significant association between BE levels measured
at the start of advance CPR and survival with favorable neurological

outcome at 30-day after CA. Specifically, lower BE values were
associated with decreased likelihood of survival with good neurolog-
ical outcome.?® Although previous studies reported only an associa-
tion between BE and outcomes, we advanced these findings by
developing a predictive model. This model establishes the prognostic
value of BE for survival prediction after CA.

Once discussed survival outcomes, we proceed to discuss the
implications of our findings for neurological outcomes. In our study,
lactate was identified as the most reliable predictor of poor neurolog-
ical outcome in both pig model and human patients. The optimal cut-
off values were >3.58 mmol/L in pig model and >2.75 mmol/L in
patients. Lactate is a key biomarker of impaired tissue oxygenation
and altered cellular metabolism.'* In the context of CA, its elevation
reflects the profound metabolic disturbance caused by global ische-
mia during the no-flow period, followed by the injury associated with
reperfusion. The initial increase in lactate levels is primarily driven by
anaerobic glycolysis due to the lack of oxygen delivery during CA.%®
This is further exacerbated by the systemic inflammatory response
triggered by reperfusion. After ROSC, persistently elevated lactate
levels may result from a combination of factors (tissue hypoperfu-
sion, myocardial dysfunction, mitochondrial injury and the continued
presence of the underlying cause of arrest).>® Several studies have
identified lactate levels as predictor of long-term neurological out-
come following CA, typically assessed several months post-
event.*>*2 One study reported that lactate levels were predictive
of neurological prognosis with an AUC of 0.735.*° In the rat model,
the assessment of neurological outcome was limited to correlation
analyses, as no validated cut-off value for the NDS exists to dichot-
omize neurological outcomes as favorable and unfavorable. This
lack of a standardized threshold prevented the development of a pre-
dictive model for neurological prognosis in this species. Despite this
limitation, our results demonstrate a statistically significant correla-
tion between NDS and both BE and lactate levels.
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Fig. 4 - Patient cohort: ROC curves of pH, BE and lactate measured at ICU admission for hospital mortality (A) and for

poor neurological outcome (B).

The multivariate regression models were adjusted for age, gender, body weight, initial presenting rhythm, CPP and time to ROSC.
AUC indicates area under the curve; BE, base excess; ICU, intensive care unit; Lac, lactate; ROC, receiver operating characteristics.

Limitations

This study has several limitations that should be acknowledged. First
and foremost, it should be emphasized that this is a retrospective
study and was not originally designed specifically for the purposes
addressed here. Second, no validated cut-off value for the NDS cur-
rently exists to allow a dichotomous classification between favorable
and unfavorable neurological outcomes. This lack of a standardized
threshold prevented the development of a predictive model for neuro-
logical prognosis in rats. Third, the timing of ABG sampling differed
between animal models and patients. Although small animals have
a higher metabolic rate and may reach acid-base stabilization earlier,
ICU admission remains a practical and clinically relevant time point,
representing the earliest standardized opportunity to obtain ABG mea-
surements after cardiac arrest. Fourth, since BE reflects both meta-
bolic and respiratory components, changes in ventilation or CO,
levels, frequently observed after ROSC***® could partially confound
its association with outcomes. Finally, there may be differences in
treatment between ROSC and ABG sampling, including administration
of intravenous fluids,*” vasopressors, or other interventions (ventila-
tion with Argon and administration of Esmolol*”?®), may have influ-
enced acid-base parameters and the observed associations.

Conclusion

In conclusion, our study demonstrates that pH, BE and lactate are
independent early predictors of both 24-h mortality and neurological
outcome following CA/CPR in experimental animal model in different
species and in patients. BE showed the highest predictive value for

mortality, while lactate was the strongest predictor for poor neurolog-
ical outcome.

Data sharing

The datasets is available upon request of the corresponding author.

Funding source

This study was funded in part by lItalian Ministry of Health-Current
research IRCCS.

CRediT authorship contribution statement

Francesca Callegari: Writing — original draft, Investigation, Formal
analysis, Data curation. Daria De Giorgio: Investigation, Data cura-
tion. Giulia Merigo: Investigation, Data curation. Marianna Cerrato:
Investigation, Data curation. Ornella Tinelli: Formal analysis. Aur-
ora Magliocca: Investigation, Data curation. Elisa R. Zanier: Super-
vision.  Giuseppe Ristagno:  Supervision, Investigation,
Conceptualization. Francesca Fumagalli: Supervision, Investiga-
tion, Conceptualization.

Declaration of competing interest

GR is member of the editorial board of Resuscitation Plus; AM is
associate editor of Resuscitation Plus. All other authors declare no
conflict.



RESUSCITATIONUPLUS

28 (2026) 101228 11

Acknowledgments

Not applicable.

Appendix A. Supplementary material

Supplementary material to this article can be found online at
https://doi.org/10.1016/j.resplu.2026.101228.

Author details

2Department of Acute Brain and Cardiovascular Injury, Istituto di

Ricerche Farmacologiche Mario Negri,

IRCCS, Milan, Ita-

ly PDepartment of Pathophysiology and Transplantation, University

of Milan, Italy

°Department of Anesthesiology, Intensive Care and

Emergency Fondazione IRCCS Ca’ Granda Ospedale Maggiore
Policlinico, Milan, Italy

REFERENCES

10.

11.

12.

. Grésner J-T, Lefering R, Koster RW, et al. EuReCa ONE-27 Nations,

ONE Europe, ONE Registry: a prospective one month analysis of
out-of-hospital cardiac arrest outcomes in 27 countries in Europe.
Resuscitation 2016;105:188-95.

. Grasner J-T, Wnent J, Lefering R, et al. European registry of cardiac

arrest study THREE (EuReCa- THREE) — EMS response time
influence on outcome in Europe. Resuscitation 2025110704.

. Yan S, Gan Y, Jiang N, et al. The global survival rate among adult

out-of-hospital cardiac arrest patients who received cardiopulmonary
resuscitation: a systematic review and meta-analysis. Crit Care Lond
Engl 2020;24(1):61.

. Amacher SA, Gross S, Becker C, et al. Misconceptions and do-not-

resuscitate preferences of healthcare professionals commonly
involved in cardiopulmonary resuscitations: a national survey.
Resusc Plus 2024;17:100575.

. ElImer J, Torres C, Aufderheide TP, et al. Association of early

withdrawal of life-sustaining therapy for perceived neurological
prognosis with mortality after cardiac arrest. Resuscitation
2016;102:127-35.

. Quist Kristensen L, van Tulder MW, Eiskjeer H, et al. Cost of out-of-

hospital cardiac arrest survivors compared with matched control
groups. Resuscitation 2024;199:110239.

. Nolan JP, Sandroni C, Béttiger BW, et al. European Resuscitation

Council and European Society of Intensive Care Medicine guidelines
2021: post-resuscitation care. Resuscitation 2021;161:220-69.

. Patel NT, Carr CT, Hopson CM, et al. Lactate and pH as independent

biomarkers for prognosticating meaningful post-out-of-hospital
cardiac arrest outcomes: a systematic review and meta-analysis. J
Clin Med 2025;14(7):2244.

. Carr C, Carson KA, Millin MG. Acidemia detected on venous blood

gas after out-of-hospital cardiac arrest predicts likelihood to survive
to hospital discharge. J Emerg Med 2020;59(4):e105-11.

Qi J, Bao L, Yang P, et al. Comparison of base excess, lactate and
pH predicting 72-h mortality of multiple trauma. BMC Emerg Med
2021;21(1):80.

Schork A, Moll K, Haap M, et al. Course of lactate, pH and base
excess for prediction of mortality in medical intensive care patients.
PLoS One 2021;16(12)e0261564.

Smuszkiewicz P, Jawienn N, Szrama J, et al. Admission lactate
concentration, base excess, and alactic base excess predict the 28-
day inward mortality in shock patients. J Clin Med 2022;11(20):6125.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Almalla M, Kersten A, Altiok E, et al. Outcome predictors of patients
with out of hospital cardiac arrest and immediate coronary
angiography. Catheter Cardiovasc Interv Off J Soc Card Angiogr
Interv 2020;96(3):509-16.

Issa MS, Grossestreuer AV, Patel H, et al. Lactate and hypotension
as predictors of mortality after in-hospital cardiac arrest.
Resuscitation 2021;158:208—-14.

Jouffroy R, Lamhaut L, Guyard A, et al. Base excess and lactate as
prognostic indicators for patients treated by extra corporeal life
support after out hospital cardiac arrest due to acute coronary
syndrome. Resuscitation 2014;85(12):1764-8.

Momiyama Y, Yamada W, Miyata K, et al. Prognostic values of blood
pH and lactate levels in patients resuscitated from out-of-hospital
cardiac arrest. Acute Med Surg 2017;4(1):25-30.

Gregers E, Mork SR, Linde L, et al. Extracorporeal cardiopulmonary
resuscitation: a national study on the association between favourable
neurological status and biomarkers of hypoperfusion, inflammation,
and organ injury. Eur Heart J Acute Cardiovasc Care 2022;11
(11):808-17.

Mueller M, Grafeneder J, Schoergenhofer C, et al. Initial blood pH,
lactate and base deficit add no value to peri-arrest factors in
prognostication of neurological outcome after out-of-hospital cardiac
arrest. Front Med 2021;8:697906.

Maupain C, Bougouin W, Lamhaut L, et al. The CAHP (Cardiac
Arrest Hospital Prognosis) score: a tool for risk stratification after out-
of-hospital cardiac arrest. Eur Heart J 2016;37(42):3222-8.
Onodera R, Nishioka N, Yamada T, et al. Association between base
excess level at hospital arrival and neurological outcomes in adult
out-of-hospital cardiac arrest: a multicentre cohort study. Resusc
Plus 2025;25:101055.

Corral Torres E, Hernandez-Tejedor A, Sudrez Bustamante R, et al.
Prognostic value of venous blood analysis at the start of CPR in non-
traumatic out-of-hospital cardiac arrest: association with ROSC and
the neurological outcome. Crit Care Lond Engl 2020;24(1):60.

402 Amplitude spectral area (AMSA) variations in a swine model of
ventricular fibrillation: Effect of coronary occlusions. Request PDF.
ResearchGate [Internet]. 2025 [cited 2025 Oct 27]; https://doi.org/10.
1016/S0300-9572(23)00697-4.

Motta F, De Giorgio D, Cerrato M, et al. Postresuscitation ventilation
with a mixture of argon and hydrogen reduces brain injury after
cardiac arrest in a pig model. J Am Heart Assoc 2024;13(9)e033367.
Babini G, Ristagno G, Boccardo A, et al. Effect of mild hypercapnia
on outcome and histological injury in a porcine post cardiac arrest
model. Resuscitation 2019;135:110-7.

Babini G, Grassi L, Russo |, et al. Duration of untreated cardiac
arrest and clinical relevance of animal experiments: the relationship
between the “no-flow” duration and the severity of post-cardiac arrest
syndrome in a porcine model. Shock (Augusta, Ga) 2018;49
(2):205-12.

Ristagno G, Fumagalli F, Russo I, et al. Postresuscitation treatment
with argon improves early neurological recovery in a porcine model
of cardiac arrest. Shock (Augusta, Ga) 2014;41(1):72-8.

Fumagalli F, Olivari D, Boccardo A, et al. Ventilation with argon
improves survival with good neurological recovery after prolonged
untreated cardiac arrest in pigs. J Am Heart Assoc 2020;9(24)
e016494.

Ruggeri L, Nespoli F, Ristagno G, et al. Esmolol during
cardiopulmonary resuscitation reduces neurological injury in a
porcine model of cardiac arrest. Sci Rep 2021;11(1):10635.

Merigo G, Madotto F, Magliocca A, et al. Adherence to post-cardiac
arrest care guidelines and impact on survival and neurological
outcome. Ann Intensive Care 2025;15(1):88.

Lucchetti J, Fumagalli F, Olivari D, et al. Brain kynurenine pathway
and functional outcome of rats resuscitated from cardiac arrest. J Am
Heart Assoc 2021;10(23)e021071.

Neumar RW, Bircher NG, Sim KM, et al. Epinephrine and sodium
bicarbonate during CPR following asphyxial cardiac arrest in rats.
Resuscitation 1995;29(3):249-63.


https://doi.org/10.1016/j.resplu.2026.101228
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0005
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0005
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0005
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0005
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0010
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0010
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0010
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0015
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0015
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0015
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0015
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0020
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0020
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0020
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0020
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0025
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0025
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0025
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0025
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0030
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0030
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0030
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0035
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0035
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0035
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0040
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0040
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0040
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0040
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0045
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0045
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0045
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0050
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0050
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0050
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0055
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0055
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0055
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0060
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0060
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0060
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0065
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0065
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0065
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0065
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0070
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0070
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0070
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0075
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0075
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0075
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0075
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0080
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0080
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0080
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0085
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0085
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0085
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0085
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0085
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0090
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0090
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0090
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0090
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0095
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0095
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0095
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0100
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0100
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0100
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0100
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0105
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0105
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0105
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0105
https://doi.org/10.1016/S0300-9572(23)00697-4
https://doi.org/10.1016/S0300-9572(23)00697-4
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0115
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0115
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0115
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0120
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0120
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0120
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0125
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0125
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0125
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0125
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0125
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0130
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0130
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0130
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0135
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0135
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0135
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0135
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0140
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0140
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0140
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0145
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0145
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0145
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0150
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0150
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0150
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0155
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0155
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0155

12

RESUSCITATIONPLUS

28 (2026) 101228

32.

33.

34.

35.

36.

37.

38.

39.

Nozari A, Safar P, Stezoski SW, et al. Mild hypothermia during
prolonged cardiopulmonary cerebral resuscitation increases
conscious survival in dogs. Crit Care Med 2004;32(10):2110-6.
Ajam K, Gold LS, Beck SS, et al. Reliability of the cerebral
performance category to classify neurological status among
survivors of ventricular fibrillation arrest: a cohort study. Scand J
Trauma Resusc Emerg Med 2011;19:38.

Teng Y, Jian Y, Chen X, et al. Comparison of three prediction models
for predicting chronic obstructive pulmonary disease in China. Int J
Chron Obstruct Pulmon Dis 2023;18:2961-9.

Xiao D, Wu K, Tan X, et al. Modeling and predicting hemorrhagic
fever with renal syndrome trends based on meteorological factors in
Hu County, China. PLoS One 2015;10(4)e0123166.

Berend K. Diagnostic use of base excess in acid-base disorders. N
Engl J Med 2018;378(15):1419-28.

Makino J, Uchino S, Morimatsu H, et al. A quantitative analysis of the
acidosis of cardiac arrest: a prospective observational study. Crit
Care 2005;9(4):R357.

Donnino MW, Andersen LW, Giberson T, et al. Initial lactate and
lactate change in post-cardiac arrest: a multicenter validation study.
Crit Care Med 2014;42(8):1804—11.

Chalkias A, Xanthos T. Pathophysiology and pathogenesis of post-
resuscitation myocardial stunning. Heart Fail Rev 2012;17
(1):117-28.

40.

41.

42.

43.

44,

45.

46.

47.

Laurikkala J, Skrifvars MB, Backlund M, et al. Early lactate values
after out-of-hospital cardiac arrest: associations with one-year
outcome. Shock (Augusta, Ga) 2019;51(2):168—73.

Choi SY, Oh SH, Park KN, et al. Association between early lactate-
related variables and 6-month neurological outcome in out-of-
hospital cardiac arrest patients. Am J Emerg Med 2024,78:62-8.
Dell’Anna AM, Sandroni C, Lamanna |, et al. Prognostic implications
of blood lactate concentrations after cardiac arrest: a retrospective
study. Ann Intensive Care 2017;7(1):101.

Shinozaki K, Oda S, Sadahiro T, et al. Blood ammonia and lactate
levels on hospital arrival as a predictive biomarker in patients with
out-of-hospital cardiac arrest. Resuscitation 2011;82(4):404-9.
Magliocca A, De Zani D, Merigo G, et al. Detecting pneumothorax
during cardiopulmonary resuscitation: the potential of defibrillator
measured transthoracic impedance. Resusc Plus 2024;20:100801.
Magliocca A, Rezoagli E, Zani D, et al. Cardiopulmonary
Resuscitation-Associated Lung Edema (CRALE). A translational
study. Am J Respir Crit Care Med 2021;203(4):447-57.

Magliocca A, Zani D, De Zani D, et al. A multimodal characterization
of cardiopulmonary resuscitation-associated lung edema. Intensive
Care Med Exp 2024;12(1):91.

Crivellari C, Magliocca A, Dulama C, et al. Tipping the balance: early
post-resuscitation fluid accumulation and outcome after cardiac
arrest. Crit Care Lond Engl 2025;29(1):384.


http://refhub.elsevier.com/S2666-5204(26)00013-5/h0160
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0160
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0160
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0165
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0165
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0165
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0165
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0170
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0170
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0170
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0175
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0175
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0175
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0180
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0180
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0185
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0185
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0185
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0190
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0190
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0190
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0195
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0195
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0195
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0200
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0200
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0200
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0205
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0205
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0205
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0210
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0210
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0210
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0215
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0215
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0215
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0220
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0220
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0220
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0225
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0225
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0225
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0230
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0230
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0230
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0235
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0235
http://refhub.elsevier.com/S2666-5204(26)00013-5/h0235

	Association between early arterial pH, base excess and lactate and 24-h mortality and neurological outcomes after cardiac arrest and cardiopulmonary resuscitation: a translational study
	Introduction
	Materials and methods
	Study 1: rat model of CA/CPR
	Experimental procedures

	Study 2: pig model of CA/CPR
	Experimental procedures

	Study 3: patient cohort
	Statistical analysis

	Results
	Study1: rat model of CA/CPR
	24h mortality
	Poor neurological outcome

	Sudy2: pig model of CA/CPR
	24h mortality
	Poor neurological outcome

	Study3: patient cohort
	ICU mortality
	Poor neurological outcome


	Discussion
	Limitations
	Conclusion
	Data sharing
	Funding source
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	References




