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25 Abstract

26 Objectives: Septic shock is a current clinical emergency that has high mortality and 

27 multiple complications. A new restrictive fluid resuscitation therapy has been applied, 

28 and its influence on patients’ renal function remains unclear. The purpose of this 

29 study is to evaluate the influence of restrictive fluid resuscitation on incidence of 

30 severe acute kidney injury(AKI) in adult patients with septic shock compared with 

31 usual care.
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3

32 Methods: Randomized controlled trials(RCT) were retrieved from PubMed, Embase, 

33 Web of Science and Cochrane Library from the database inception until 28 April 

34 2023. Studies which were conducted on adult patients who were diagnosed as septic 

35 shock and received restrictive fluid resuscitation as a test group of the research, were 

36 elected. Primary outcome was the incidence of severe acute kidney injury, which was 

37 defined as the acute kidney injury network (AKIN) score 2 to 3 or Kidney Disease 

38 Improving Global Outcomes (KDIGO) stage of 2 and 3. Secondary outcomes were 

39 clinical outcomes including overall mortality, ICU LOS, the incidence of worse AKI, 

40 and duration of ventilation. Sensitivity and subgroup analyses, plus trial sequential 

41 analysis (TSA), were performed.

42 Results: 5 trials (1943 participants) were included in the meta-analysis. There was a 

43 significant difference in the incidence of severe AKI (R 0.89, 95%CI 0.80 to 0.99, 

44 P=0.03; I2=0%) and the duration of mechanical ventilation (Mean Difference -

45 32.06,95%CI -59.04 to -5.07; P=0.02; I2=75%) between patients receiving restrictive 

46 fluid resuscitation and patients receiving liberal fluid resuscitation. TSA showed that 

47 the diversity-adjusted required information size(RIS) was 14876.
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48 Conclusions: Fluid restriction strategy is concerned with less incidence of severe 

49 acute kidney injury in patients with septic shock, and decrease in their duration of 

50 mechanical ventilation as well. More randomized clinical trials need to be conducted 

51 to confirm the association between restrictive fluid resuscitation therapy and better 

52 prognosis, thus less complications of septic shock.

53 Trial registration

54 This study was retrospectively registered at the PROSPERO (International 

55 prospective register of systematic reviews) website on 29 July 2023 and the ID was 

56 CRD42023449239.

57 Keywords: Septic shock, Restrictive fluid resuscitation, Acute kidney injury, 

58 Mortality

59 Strengths and limitations of this study

60  We performed a comprehensive search and had an explicit standard of studies 

61 inclusion.

62  The aim of this study was specific and up-to-date and it focused on a topic 

63 (severe AKI in septic shock) that few researchers had ventured into. 
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5

64  Quantities of trials we could include may be insufficient. Due to lack of data and 

65 corresponding issue, some latest studies were not able to be included. We didn’t 

66 include unpublished data or data reported in abstract form, which may lead to 

67 publication bias. 

68  The risk of bias of the extraction of data existed, and may influence the results of 

69 the analyses. The heterogeneity issue was also worth concerning. 

70 Introduction

71 Septic shock is defined as a subset of sepsis in which potential circulatory, cellular, 

72 and metabolic damages are serious and profound enough to increase the risk of 

73 mortality. [1] It is a common clinical emergency characterized by refractory 

74 hypotension, hyperlactatemia and organ dysfunction, which occurs in more than 

75 230,000 US patients each year, leading to over 40000 deaths annually, [2,3] and 

76 affecting millions of people around the world each year. [4] AKI is a common 

77 complication in critical ill patients with sepsis and/or septic shock. [5,6] When septic 

78 shock and AKI are present simultaneously, the mortality rate is up to nearly 50%. [7] 

79 And patients with severe AKI have a high risk of stabilizing the situation of chronic 
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6

80 kidney disease (CKD) or progress to complete organ failure and compulsive dialysis 

81 requirement. [8,9] This would cause serious health and financial burden on the 

82 patients. When it comes to septic shock, intravenous fluid resuscitation is a very 

83 common therapy in the initial treatment. It aims to increase depleted or functionally 

84 reduced intravenous volume that occurs in sepsis owing to a vasodilated vascular 

85 network. Initial fluid therapy can augment macrovascular perfusion and 

86 microvascular perfusion and counter organ hypo-perfusion. [1,10] And AKI under 

87 the circumstance of vascular changes in septic shock is more related to pre-renal 

88 factors instead of post-renal or intra-renal, specifically due to micro-vascular 

89 abnormalities sand tubular stress. [3] Therefore correction of intravascular 

90 hypovolemia is a key component of the prevention and management of AKI in septic 

91 shock as well.

92 But in the case of increased endothelial cell permeability, excessive infusion can 

93 exacerbate organ dysfunction. [11] Excessive fluid administration is believed to be 

94 associated with development and progression of AKI, so individualized fluid therapy 

95 has been taken into consideration, taking into account patients’ characteristics, origin 
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7

96 of patients’ kidney dysfunction and risks and benefits of fluids. Therefore, this 

97 complex situation attached great importance to the choice of fluid resuscitation. A 

98 new strategy called restrictive fluid strategy ，which is a resuscitating therapy of 

99 lower volumes of fluid and earlier initiation of vasopressor agents, are to be taken 

100 into consideration. But there is still insufficient evidence to make a recommendation 

101 on the use of restrictive or liberal fluid strategies in patients with septic shock who 

102 still have sighs of hypo-perfusion and volume depletion after initial resuscitation. [10] 

103 A resent pilot multicenter, randomized, controlled trial of critically ill patients with 

104 AKI proved that a restrictive fluid management regimen was feasible. [12] Although 

105 whether restrictive fluid therapy has a positive impact on septic patients’ kidney 

106 function is not supported by strong evidence, it is commonly believed that fluid 

107 overload has deleterious impact on renal function balance.

108 The impact restrictive fluid resuscitation therapy has on the incidence of severe AKI 

109 may lay out some priority. When combined with severe kidney dysfunction, the 

110 mortality and ICU length of stay of patients with higher AKIN score all rise 

111 significantly comparing to patients with lower AKIN score, whether the patients had 
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112 sepsis or not. [13] Therefore, in this meta-analysis, we defined severe AKI as acute 

113 kidney injury network (AKIN) [14] score 2 to 3 or Kidney Disease Improving Global 

114 Outcomes (KDIGO) [15] stage of 2 and 3 [16], which is a much more serious and 

115 emergent situation of the kidney function of the patients that needs urgent recognition 

116 and treatment.

117 As intravenous fluid and vasopressor application both have an impact on the patients’ 

118 organ and tissue perfusion, the renal situation should be taken into consideration. 

119 This meta-analysis is conducted in the aim of investigating the effect of the restrictive 

120 fluid resuscitation strategy on the occurrence of severe acute kidney injury in adult 

121 patients with septic shock.

122 Materials and methods

123 This study was performed according to the PRISMA (Preferred Reporting Items for 

124 Systematic Reviews and Meta-Analyses) statement methodology [17], a systematic 

125 review and meta-analysis of randomized clinical trials. The study was registered at 

126 the PROSPERO (International prospective register of systematic reviews) website 

127 and the ID was CRD42023449239.
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128 Search strategy and selection of studies

129 A literature search of PubMed, Web of science, Embase and Cochrane library was 

130 undertaken to identify randomized clinical trials. The searches were last updated on 

131 28 April 2023. The search terms used were “acute kidney injury” or “acute kidney 

132 failure” or “acute renal failure” or “continuous renal replacement therapy” or “blood 

133 purification therapy” or “mortality”, and “restrictive fluid” or “resuscitation”. The 

134 search and reviewing of all the articles were conducted by two reviewers 

135 independently. When encountered disagreements, a third reviewer would provide a 

136 suggestion.

137 Title and abstract screening was conducted for all relevant studies and potentially 

138 relevant records were thoroughly read. The inclusion criterions were as follows: 1) 

139 the research was limited to randomized clinical trials only, 2) studies conducted on 

140 adult patients(≥18 years) who were diagnosed as septic shock, 3) trials where the 

141 intervention assessed was restrictive fluid resuscitation therapy or conservative fluid 

142 strategy versus liberal or conventional fluid resuscitation, 4)studies that contained 

143 the data of numbers of patients who countered AKI, or the mortality. Trials with the 
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144 following features were excluded: 1) studies enrolling pregnant patients, 2) studies 

145 in which most patients had systematic inflammatory response syndrome secondary 

146 to other causes such as burn or pancreatitis without a clear sepsis subgroup, 3) studies 

147 that focused on patients undergoing elective surgery, or the therapy was carried out 

148 during perioperative period [18,19], 4) studies that were narrated in other languages 

149 rather than English. No date, publication status, or predefined outcome restriction 

150 were applied.

151 Data extraction and Synthesis

152 Data including primary outcome were extracted by two reviewers. If there were 

153 disagreements, a discussion was performed with another reviewer. 

154 Titles and abstract of all reports identified in the literature searches were screened 

155 for further review. The data collected form each study included 1) general 

156 information (author, year, study design), 2) characteristics of the participants 

157 (including gender, age, inclusion and exclusion criteria, initial places where they 

158 stayed before admitted into ICU and randomization, and the diagnosis criterions and 

159 diagnosing time point of septic shock), 3) outcomes, with primary outcome 
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160 determined as incidence of severe AKI (with clear clarification of numbers of 

161 patients of AKIN score 2 and 3, or KDIGO stage 2 and 3) and secondary outcomes 

162 as clinical outcomes including overall mortality (when there was more than one 

163 indicator concerning with the mortality of all participants at different times, the 

164 mortality of the longest period would be prioritized for inclusion in the meta-

165 analysis), ICU LOS, the incidence of worse AKI (defined as higher stages of KDIGO 

166 criterion or higher scores of AKIN), and duration of ventilation.

167 When countering missing data, the author tent to contact authors of the relevant 

168 studies. The reference lists of included randomized clinical trials were reviewed for 

169 additional trials meeting eligibility criteria.

170 Dichotomous variables were expressed as counts and proportions. Means and 

171 standard deviations (SDs) were used to describe normally distributed continuous 

172 variables. Because the ICU length of stay and ventilation time were not normally 

173 distributed, all studies involving the data reported the ICU LOS and duration of 

174 ventilation by using the median and the first and third quartiles. We estimated the 
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175 sample mean and standard deviation (SD) value based on the method of mean 

176 variance estimation presented by the Hong Kong Baptist University. [20,21,22,23]

177 Study quality and risk of bias assessment

178 The risk of bias was assessed for each outcome in all included studies using the 

179 Cochrane Systematic Review Handbook for randomized clinical trials. The 5 studies 

180 were assessed as being at low, uncertain or high risk of bias for each of 6 domains. Two 

181 reviewers assessed study quality independently. If there were disagreements, a 

182 discussion was performed with another reviewer. 6 aspects were performed for 

183 assessing the risk of bias, including allocation concealment, random sequence 

184 generation, blinding, incomplete outcome data, selective reporting and other bias. 

185 Outcome measures

186 The primary outcome was the incidence of severe AKI of all participants. Key 

187 secondary outcomes were all-cause mortality at the latest time of follow-up, ICU 

188 LOS, duration of ventilation and the full amount of patients developing worse AKI 

189 comparing to the situation of their first admission into the hospital. 

190 Analysis
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191 Review Manager((RevMan) [Computer program]. Version 5.4. The Cochrane 

192 Collaboration, 2020.) software was used to carry out the meta-analysis using a 

193 random effects model for outcomes for which two or more randomized studies were 

194 available. The results of outcomes were reported in the form of narrative and graphs. 

195 We used Risk Ratio(RR) with 95%CI for dichotomous outcomes (incidence of AKI, 

196 incidence of worse AKI, mortality) and Mean Difference(MD) with 95%CI for 

197 continuous outcomes (ICU LOS, duration of ventilation) to estimate the pooled 

198 effects. In all analyses, P<0.05 was considered significant, and statistically 

199 significant.

200 For key outcomes, we assessed the quality of evidence using the Grades of 

201 Recommendation, Assessment, Development and Evaluation(GRADE) approach. 

202 [24]

203 The heterogeneity of these 5 studies was measured by the I2 which describes the 

204 percentage of total variation across studies that is due to heterogeneity rather than 

205 chance. A value of 0% indicates that no heterogeneity is observed, and larger values 

206 of the I2 means more heterogeneity of the studies. [25]
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207 A sensitivity analysis was performed by removing one study at a time to determine 

208 whether a specific trial had a higher contribution to the heterogeneity. 

209 Simultaneously we tested the analysis by including high-quality researches only to 

210 see if the results changed utterly. Subgroup analysis was carried out to see if the 

211 following factors contributed to the result: enrolling patients with an average age ≥

212 70 years or <70 years, places where the patients were admitted from( the emergency 

213 department (ED) only, or places including ED, hospital wards, the operation room 

214 (OR), and other ICU). 

215 A trial sequential analysis (TSA) was performed to estimate the optimal sample size 

216 to reach a plausible conclusion on the research. We used Trial Sequential Analysis 

217 (TSA) [Computer program]. Version 0.9.5.10 Beta. The Copenhagen Trial Unit, 

218 Centre for Clinical Intervention Research, The Capital Region, Copenhagen 

219 University Hospital – Rigshospitalet, 2021. Statistical significance was set at a P-

220 value of 0.05.

221 Results
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222 The search was conducted up to 28 April 2023. And the process of the search of 

223 literature is summarized and presented in Figure 1. A total of 6142 studies were 

224 retrieved from 4 databases and screened title and abstract for potential relevant 

225 researches. 1621 of records were removed for duplication first. 4441 records were 

226 identified as ineligible or irrelevant, leaving 80 records for full-text review. 5 studies 

227 met criteria for inclusion and were included in the quality assessment. At the end, all 

228 5 randomized clinical trials were included into this meta-analysis covering 1943 

229 participants. Details of the selection process were shown in Figure 1. 

230 Description of included randomized trials

231 Sample sizes ranged from 30 to 1554. Two studies took place in the United State of 

232 America, one in Denmark, one in Australia and New Zealand. And one study took 

233 place in worldwide. All trials were conducted on adult patients and no pregnant 

234 patients were included. All 5 studies evaluated patients with septic shock. Further 

235 characteristics of the 5 chosen RCTs were summed up in Table 1. No heterogeneity 

236 was observed in these RCTs.

237 Methodological quality and risk if bias
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238 The overall quality of included RCTs was shown in Figure 2. The use of random 

239 sequence generation and allocation concealment and the risk of reporting bias were 

240 unclear in a number of studies. Confounding by indication and time-dependent 

241 exposure might have biased the studies. [26]

242 Assessment of the risk of bias was summarized in Figure 2. Among the 5 RCTs, 

243 none of the trials were double blinded. The allocation may be blinded for the 

244 statistician. But it was obviously impossible to blind both patients and caregivers in 

245 the medical intervention of the trials, we proposed that the outcomes may not be 

246 influenced by a lack of blinding. One trial was classified as having an unclear risk of 

247 bias in selection reporting.

248 The incidence of severe AKI 

249 The depiction of AKI differed in 5 RCTs. But they could all come down to the 

250 criterion of AKIN score 2 and 3 or KDIGO stage 2 and 3. Some defined patients who 

251 met the KDIGO stage of 1-3 as AKI [27], or modified the classification into stage 2 

252 or higher, both with higher stages indicating more severe kidney injury [26]. Some 

253 chose to reflect the patients’ renal situation by the patients’ peak AKIN score [28]. 
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254 One study reported numbers of worsening AKI, which was defined as worsening of 

255 the KDIGO stage (plasma creatinine criteria or use of renal replacement therapy) 

256 [29]. The exact number of patients’ of KDIGO stage 2 and 3 was not available neither 

257 in the article nor the supplement appendix. We extracted the numbers of patients 

258 receiving continuous renal-replacement therapy (CRRT) treatment according to the 

259 information this article provided in their supplement appendix, which met the 

260 diagnostic criteria for KDIGO stage 3 or AKIN score 3. In the study conducted by 

261 Corl et al. in 2019 [30], serious AKI was narrated as doubling in the triage creatinine 

262 within 72 hours, which could be considered as KDIGO stage 2.

263 A total of 1907 patients were analyzed for renal function. 348 of the 942 patients 

264 analyzed in the restrictive fluid resuscitation group (36.9%) and 401 of the 965 

265 patients analyzed in the liberal fluid resuscitation group (41.6%) were diagnosed 

266 severe AKI or evaluated as KDIGO score of 2 and 3 or reached AKIN score 2 and 3 

267 during the follow-up of the studies (RR 0.89, 95% CI 0.80 to 0.99, P=0.03; I2=0%; 

268 P=0.81). Obviously there was a significant difference in the incidence of acute 

269 kidney injury between patients receiving a restrictive or conservative fluid 
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270 resuscitation strategy and those who received a liberal fluid resuscitation strategy or 

271 usual care therapy. The process was shown in the forest plot in Figure 3.

272 Second outcomes

273 Mortality

274 Data on all-cause mortality of the participants were available in all 5 RCTs. A total 

275 of 1930 patients were tracked down for their clinical ending at most protracted time 

276 point, including 90-day mortality in 4 RCTs [25,27,28,26] and 60-day mortality in 

277 one study [30]. We found no significant difference in the mortality between the 

278 restrictive fluid resuscitation group and the liberal fluid resuscitation group (RR 0.99, 

279 95% CI 0.89 to 1.10; P=0.83; I2=0%; P=0.88). The result of the I2 evaluation 

280 indicated that there was no heterogeneity observed. Specific data was reported by 

281 Supplement Figure 1 in supplementary appendix.

282 ICU length of stay

283 Five RCTs reported the patients’ length of stay in ICU, of which 2 were measured in 

284 hours [28,30] and 3 were measured in days [26,29,27]. All data was extracted in the 

285 form of median and IQR and was transformed into value of mean and SD by the 
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286 method proposed by the Hong Kong Baptist University. The result was shown in 

287 Supplement Figure 2, obviously no heterogeneity was detected in the trial neither 

288 (Mean Difference -0.29,95%CI -0.75 to 0.18; P=0.23; I2=0%).

289 Incidence of worse AKI

290 Data on the incidence of worse AKI were available in 2 RCTs. We analyzed the full 

291 amount of patients developing worse AKI comparing to the situation of their first 

292 admission into the hospital. It was narrated as worse situation of AKI in patients who 

293 already suffered from AKI, [28,29] (according to the KDIGO criteria, higher stage 

294 means worse kidney function situation), and for patients without AKI at baseline, 

295 development of AKI after randomization was regarded as worsening of AKI. The 

296 result was shown in Supplement Figure 3. No significant difference was found in 

297 the incidence of worse AKI between the restrictive fluid resuscitation group and the 

298 liberal fluid resuscitation group (RR 0.80, 95% CI 0.45 to 1.44; P=0.46; I2=33%). 

299 Low heterogeneity was detected in the trial.

300 Duration of ventilation
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301 2 RCTs reported the patients’ mechanical ventilation hours [28,30]. All data was 

302 extracted in the form of median and IQR and was transformed into value of mean 

303 and SD by the method proposed by the Hong Kong Baptist University. The result 

304 was shown in Figure 4. There was a significant statistical difference in the duration 

305 of ventilation of patients between the restrictive fluid resuscitation group and the 

306 liberal fluid resuscitation group (Mean Difference -32.06,95%CI -59.04 to -5.07; 

307 P=0.02; I2=75%). High heterogeneity was detected in the trial.

308 Sensitivity analysis

309 In the sensitivity analysis, we removed the studies individually to see if any of them 

310 had a larger impact on the result. And when trial conducted by Meyhoff et al. [26] or 

311 Semler et al. [27] was removed, the result reversed and had no statistical meaning. 

312 This indicated that these two trials took a large position in the analysis.

313 Subgroup analysis

314 All five RCTs concluded the participants’ median age. We calculated the average 

315 age and then divided the studies into two divisions according to the criterion(<70 

316 year versus ≥70 years). The role the initial places where the patients were admitted 
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317 from played was investigated as well. Most patients were extracted from the 

318 emergency department (ED) of the hospital. [28,29] The rest participants were 

319 admitted into the ICU from OR, hospital wards or other ICUs, especially in 

320 multicenter trials. [26,27,29] Simultaneously we analyzed whether these factors had 

321 an impact on the results of the incidence of severe AKI and the mortality of the 

322 patients. 

323 Results showed that there was a significant difference in the incidence of severe AKI 

324 between patients receiving restrictive fluid resuscitation in the subgroup analyzing 

325 the factor of age above 70 (RR 0.88, 95%CI 0.79 to 0.99; P=0.04; I2=0%) and the 

326 multiple initial places where the patients were admitted from (RR 0.88, 95%CI 0.79 

327 to 0.99, P=0.03; I2=0%) (Supplement Figure 4&5). This led to the indication that 

328 restrictive fluid resuscitation therapy could make an impact on the kidney function 

329 of patients over 70 years old. And when patients were admitted from not only the 

330 ED, but also the OR, hospital wards and other ICUs, they were more likely to benefit 

331 from restrictive fluid resuscitation strategy.
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332 Simultaneously, these two factors above didn’t have a connection with the mortality 

333 of the patients. No significant difference was found in the subgroup analysis. And no 

334 significant heterogeneity was detected. (Supplement Figure 6&7) 

335 Trial Sequential Analysis

336 We conducted trial sequential analysis (TSA) to calculate the optimal required 

337 information size [31,32] (meta-analysis sample size) for our meta-analysis based on 

338 a baseline incidence rate of 45% in the control group [33], a relative risk reduction 

339 of 10%, 80% of power and a type I error of 5%. TSA showed that the diversity-

340 adjusted RIS was 14876 which was more than that in our study (n=1943). Trial 

341 sequential adjusted 95% CI of RR was 0.77 to 1.05 in the fixed effects model, and 

342 0.76 to 1.04 in the random effects model. The results were distinctly shown in 

343 Supplement Figure 8. The cumulative Z-curve surpassed the conventional boundary 

344 for benefit, but it did not touch the trial sequential monitoring boundary for benefit 

345 or harm. This indicated that more clinical trials need to be conducted to testify the 

346 accuracy of the meta-analysis.

347 Discussion
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348 Occurrence of AKI remains one of the major causes of mortality in septic shock. This 

349 study focused on the influence of the up-to-date restrictive fluid resuscitation therapy 

350 on the incidence of severe AKI of patients with septic shock. The treatment strategy 

351 connects closely with the prognosis. No previous researches focused on the 

352 connection between the fluid therapy and the incidence of severe AKI in septic shock. 

353 And in this study we found that the traditional fluid volume may be suitable for most 

354 patients, but it still can be improved for certain patients, especially the elderly ones. 

355 We provided a new evidence for the need of more individual and specialized fluid 

356 resuscitation therapy for patients with septic shock. 

357 The manifestations of renal dysfunction are an important part of sepsis shock. Kidney 

358 injuries may contribute to long-term effects such as secondary episodes of sepsis and 

359 multiple organ dysfunction syndrome(MODS). [34] It is of vital significance that we 

360 determine the optimal fluid resuscitation strategy and the volume of intravenous fluid 

361 for critically ill patients. This meta-analysis has proved that adapting restrictive or 

362 conservative fluid resuscitation strategy on patients with septic shock has an 

363 important connection with less incidence of severe acute kidney injury, indicating 
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364 that it is associated with less degeneration of patients’ renal function. And subgroup 

365 analyses also proved that restrictive fluid resuscitation therapy may have an impact 

366 on the recovery of kidney function of patients over 70 years-old especially. When 

367 patients were admitted into the ICU from other places such as the OR and hospital 

368 wards rather than only ED, adapting restrictive fluid resuscitation strategy on them 

369 may be more suitable. It certainly provided more data on this topic.

370 Previous studies [29,35,36] proposed that it may benefit the patients’ renal function, 

371 by the strict condition that optimal kinds of fluid and volumes were applied. Our 

372 study arrived in the conclusion that lays with this finding. Simultaneously, we found 

373 that restriction on fluid volume is associated with decrease in patients’ duration of 

374 mechanical ventilation. This indicated benefit of the participants’ pulmonary 

375 function. Less hours of mechanical ventilation on the patients not only induces less 

376 complications like ventilator-associated pneumonia (VAP) [37], but also has 

377 economic benefits. The general economic assessment was not taken into 

378 consideration, which future trials should incorporate. 
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379 For the sake of patients’ safety and to promote the stabilization of patients’ vital signs, 

380 caregivers all adapted an initial treatment before randomization and admission into 

381 the ICU or emergency department. The treatments aimed to delay the progression of 

382 the disease. And all patients included into the RCTs had undergone a similar initial 

383 resuscitation treatment. Three trials included in this analysis followed the surviving 

384 sepsis campaign bundle which was updated in 2018 [38], and gave their participants 

385 an initial fluid volume of 30ml/kg [26,29,30]. The other two didn’t mention their 

386 initial resuscitation fluid volume. So the amount of resuscitation fluid can be 

387 recognized as sufficient. In all 5 RCTs, 4 of which applied norepinephrine, or to say 

388 norepinephrine [26,27,28,29], and one was unclear [30]. This may attribute to the 

389 very little heterogeneity measured by the I2 trial.

390 Fluid resuscitation need to be sufficient, but must be in a controlled fashion and be 

391 carried out under dynamic assessment monitoring of patients’ volume situation [39]. 

392 Volumes of intravenous resuscitation fluids directly ameliorate the tissue and organ 

393 perfusion, along with vasopressors, the treatment hold a profound meaning for the 

394 safety of organs and the resuscitating process. However, too rapid and aggressive 
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395 fluid resuscitation strategy could potentially burden cardiac and renal function, 

396 creating an underlying danger to the precarious physical condition of patients with 

397 septic shock. It is of vital importance to maintain a sufficient resuscitation fluids 

398 treatment and restore the patients’ tissue perfusion and circulation volume, but the 

399 pace of providing intravenous fluids in the beginning time should not be neglected. 

400 Therefore, it holds great necessity to conduct more targeted clinical trials to evaluate 

401 a modified and optimal pace to provide intravenous resuscitation fluids for patients 

402 with septic shock.

403 Subgroup analysis also showed that the influence of restrictive fluid resuscitation 

404 strategy was especially obvious on patients with an elderly age of over 70. This may 

405 be for the reason that the aged have poor cardiopulmonary function and a narrow 

406 volume window. In the presence of septic shock, it is likely that vasoplegia plays an 

407 important role in the volume responsiveness assessment. And elder patients’ vascular 

408 wall elasticity decreases, leading to a decrease in their ability to respond to variety in 

409 circulating volume. So more RCTs and cohort studies need to be performed in the 

410 territory of vasoactive agents in medicine care of patients with septic shock. When 
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411 patients are admitted from not only the ED, but also other places such as the OR and 

412 hospital wards, they generally possess longer hospital stay period and more 

413 complicated symptoms. Restriction on their resuscitation fluids may be beneficial for 

414 their renal function.

415 Through the study, few evidence was found to definite that the fluid restriction 

416 strategy has any influence on the patients’ mortality and ICU LOS. This may be 

417 because the original infection differed among all the participants, leading to a much 

418 complicated subject to compare the ending of all patients. And ICU LOS is a 

419 multifactorial indicator and is very dependent on the patients’ condition. Most 

420 participants in the studies relied on life-support instruments, exclusively available in 

421 the ICU early stages of treatment.

422 The sensitivity analysis indicated that the trial conducted by Meyhoff et al. [26] and 

423 Semler et al. [27] took a large position in the analysis. When one of these two trials 

424 was removed individually, the result reversed and had no statistical meaning. But no 

425 distinct change in the heterogeneity was found. This phenomenon has a lot to do with 

426 their numbers of participants.
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427 Conclusion

428 Fluid restriction strategy is concerned with less incidence of severe acute kidney 

429 injury in patients with septic shock, and decrease in their duration of mechanical 

430 ventilation as well. The restrictive fluid resuscitation therapy works on reducing the 

431 incidence of severe AKI of elderly patients with age over 70 years-old especially. 

432 More randomized clinical trials need to be conducted to confirm the association 

433 between restrictive fluid resuscitation therapy and better prognosis, thus less 

434 complications of septic shock.

435 List of abbreviations

436 AKI: Acute kidney injury; RCT: randomized controlled trial; ICU: Intensive care 

437 unit; TSA: trial sequential analysis; LOS: length of stay; RRT: renal-replacement 

438 therapy; RR: relative risk; CI: confidence interval; SD: standard deviation; MD: mean 

439 difference; ED: emergency department; OR: operation room; KDIGO: kidney disease 

440 improving global outcomes; RIS: required information size; MODS: multiple organ 

441 dysfunction syndrome
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Table 1. Characteristics of included studies
Study, Year 

(Reference)
Country Centers, 

n
Participants, 

n
Fluid volume of 

restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal resuscitation 

strategy or usual 
care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Meyhoff,2022 Denmark & 
Norway & 
Sweden & 
Switzerland 
& Italy & 
Czech 
Republic & 
United 
Kingdom & 
Belgium & 
Finland

31 1554 1798(500 to 4366) 
after 90 days

3811(1861 to 6762) 
after 90 days

death within 90 
days after 
randomization

1.suspected or confirmed infection, a plasma 
lactate level of 2 mmol per liter (18 mg per 
deciliter) or higher, receipt of ongoing 
infusion of a vasopressor or inotropic agent, 
and receipt of at least 1 liter of intravenous 
fluids in the 24 hours before screening.13 
Patients were included if the onset of shock 
had been within 12 hours before screening

a new episode of severe acute 
kidney injury, as defined by a 
modified Kidney Disease: 
Improving Global Outcomes 
(KDIGO) stage of 3 on a scale 
ranging from 1 to 3, with higher 
stages indicating more severe 
kidney injury, and the use of a 
modified classification because 
urinary output data might not 
have been available from all 
patients

Macdonald,2018 Australia & 
New 
Zealand

8 99 2387(1750 to 
2750),30(32 to 
39)ml/kg from 
presentation to 6h

3000(2250 to 
3900),43(35 to 
50)ml/kg from 
presentation to 6h

total fluid 
administered 
within 6h post 
randomization

1.Suspected infection AND 2. Systolic blood 
pressure (SBP) <100mmHg, despite 1000ml 
intravenous isotonic crystalloid administered 
over not more than 60 minutes AND 3.Study 
intervention can be administered within 2 
hours of inclusion criteria being met

the Acute Kidney Injury Network 
(AKIN) criteria based upon 
creatinine data. Baseline serum 
creatinine was defined as a stable 
serum creatinine recorded in the 
12 months pre-randomization, or 
a convalescent creatinine up to 3 
months post-randomization. 
Where no baseline creatinine was 
available this was estimated using 
the MDRD formula assuming 
GFR 75ml/min/1.73m2

Page 46 of 90

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
n

seig
n

em
en

t S
u

p
erieu

r (A
B

E
S

)
at A

g
en

ce B
ib

lio
g

rap
h

iq
u

e d
e l

 
o

n
 Ju

n
e 11, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
16 F

eb
ru

ary 2025. 
10.1136/b

m
jo

p
en

-2024-086367 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

46

Study, Year 
(Reference)

Country Centers, 
n

Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal resuscitation 

strategy or usual 
care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Hjortrup,2016 Denmark 9 151 500(0  to 2500) for 
the first 5 days, 500(0 
to 3250) during ICU 
stay after 
randomization

2000(1000 to 4100) 
for the first 5 days, 
2200(1000 to 4750) 
during ICU after 
randomization

the amount of 
resuscitation fluid 
in the first 5 days 
after 
randomization and 
during the entire 
ICU stay

1.adults in ICU(≥18years) 2.Sepsis defined 
as at least 2 of 4 SIRS criteria fulfilled within 
24 hours according to Society of Critical 
Care Medicine/American College of Chest 
Physicians (SCCM/ACCP)2:1)CORE 
TEMPERATURE >38°C or <36°C. (Core 
temperature is rectal, urinary bladder, central 
line, or tympanic). If oral, inguinal or axillary 
temperatures are used, add 0.5°C to the 
measured value. Hypothermia <36°C must be 
confirmed by core temperature. Use the most 
deranged value recorded in the 24 hours 
before randomization. 2)HEART RATE >90 
beats/minute. If patient has an atrial 
arrhythmia, record the ventricular rate. If 
patients have a known medical condition or 
are receiving treatment that would prevent 
tachycardia (for example, heart block or beta 
blockers), they must meet two of the 
remaining three SIRS criteria. Use the most 
deranged value recorded in the 24 hours 
before randomization. 3)MECHANICAL 
VENTILATION for an acute process or 
respiratory rate > 20 breaths per minute or a 
PaCO2 < 4.3 kPa (32 mmHg). Use the most 
deranged respiratory rate or PaCO2 recorded 
in the 24 hours before randomization. 
4)WHITE BLOOD CELL COUNT of >12 x 
109/l or < 4 x 109/l. Use the most deranged 
value recorded in the 24 hours before 
randomization. 3.Suspected or confirmed site 
of infection OR positive blood culture 
4.Suspected or confirmed circulatory 
impairment (hypotension/hypo-
perfusion/hypovolemia) for no more than 12 
hours including the hours preceding ICU 
admission. Circulatory impairment defined as 
at least one of the following: Systolic blood 
pressure < 90 mmHg, heart rate > 140 
beats/min, lactate ≥ 4 mmol/l, OR use of 
vasopressors. 5.At least 30 ml/kg ideal 
bodyweight fluid (colloids, crystalloids or 

the KDIGO criteria (values of 
plasma creatinine were assessed 
in ICU and the use of renal 
replacement therapy in the 90 
days after randomization; the 
urinary output criteria were not 
assessed). For patients without 
AKI at baseline, development of 
AKI after randomization was 
regarded as worsening of AKI.
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Study, Year 
(Reference)

Country Centers, 
n

Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal resuscitation 

strategy or usual 
care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

blood products) given in the last 6 hours 
6.Shock defined as ongoing infusion of 
noradrenaline (any dose) to maintain blood 
pressure

Corl,2019 America 2 109 (mean ± 
sd)47.1±22.3ml/kg of 
total resuscitation IV 
fluid

(mean ± 
sd)61.1±32.0ml/kg of 
total resuscitation IV 
fluid

30-day all-cause 
mortality

1. Patients with severe sepsis or septic shock, 
as defined by the Sepsis 2 International 
Consensus definitions: Temperature >38°C 
or <36°C, heart rate of >90/min, respiratory 
rate of >20/min or PaCO2 <32 mmHg, white 
blood cell count > 12000/mm3 or 
<4000/mm3 or >10% immature bands, with 
known or suspected infection at the time of 
enrollment.  The worst value for each 
variable is used obtained between triage time 
zero and enrollment. 2. Since over 12% of 
patients ultimately diagnosed with sepsis do 
not meet SIRS criteria, SIRS negative 
patients may be enrolled if the treating 
attending physician clinically diagnoses 
severe sepsis or septic shock. 3. Severe sepsis 
or septic shock is defined as refractory 
hypotension or a lactic acid >4 mmol/L. 
Refractory hypotension is a systolic blood 
pressure (SBP) <90 mmHg or a mean arterial 
pressure (MAP) <65 mmHg for 15 minutes, 
following 1000 mL of IV fluid, or any blood 
pressure maintained by vasopressor 
administration

doubling in the triage creatinine 
from the first recorded value 
during the study period

Semler,2019 America 1 30 mean of fluid from IV 
boluses of 300(560) in 
the 3 days after 
enrollment

mean of fluid from IV 
boluses of 733(1083) 
in the 3 days after 
enrollment

mean daily fluid 
balance(phase II) 
and ICU-free 
days(phase III)

adults (age >18 years) admitted to the 
medical ICU at Vander- bilt University 
Medical Center who met 2 or more criteria 
for systemic inflammatory response 
syndrome, were receiving antimicrobial 
therapy, and met criteria either for shock 
(defined as a mean arterial pressure <60 
mmHg or vasopressor receipt) or respiratory 
insufficiency (defined as receipt of invasive 
or noninvasive mechanical ventilation or an 
arterial oxygen saturation <97% while 
receiving a fraction of inspired oxygen 
[FiO2] ≥30%)

the KDIGO criteria
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Figure 1. The process of literature search. 
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Figure 2. Risk of bias summary for each included study. Red(-)indicates high risk of bias; yellow(?) indicates 
unclear risk of bias; green(+) indicates low risk of bias. 
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Figure 3. Forest plot for primary outcome of the incidence of severe AKI. It illustrates the result of restrictive 
or conservative fluid resuscitation strategy versus liberal fluid resuscitation or usual care strategy. 
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Figure 4. Forest plot for second outcome of the duration of ventilation. It shows the result of restrictive fluid 
resuscitation strategy versus liberal fluid resuscitation strategy on the duration of ventilation of patients with 

septic shock. 
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1

Supplementary appendix

This supplementary appendix provides:

1. Search equation via PubMed, Embase, Web of Science, and Cochrane 

Library

2. PRISMA checklist

3. Other supplementary Figures

4. Summary of contextual factor data

5. List of citation of excluded potential studies and the reasons to rule out them

6. The GRADE results

7. specific resuscitation therapy of restrictive or conservative resuscitation 

strategy

8. specific resuscitation therapy of liberal resuscitation strategy or usual care
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2

1. Search equation via PubMed, EMBASE, Medline, and Cochrane Library

Search strategies for the different databases ran on April 28,2023

PubMed (801)

Search: ("acute kidney injury" OR "acute kidney failure" OR "acute renal failure" 

OR "continuous renal replacement therapy" OR "blood purification therapy" OR 

"mortality") AND ("restrictive fluid" OR "resuscitation")

Filters: Randomized Controlled Trial, Humans

Embase (841)

("acute kidney injury" OR "acute kidney failure" OR "acute renal failure" OR 

"continuous renal replacement therapy" OR "blood purification therapy" OR 

"mortality") AND ("restrictive" AND "fluid" AND "resuscitation")

Web of Science (1281)

(TS=("restrictive fluid") OR TS=("resuscitation")) AND TS=(("acute kidney injury" 

OR "acute kidney failure" OR "acute renal failure" OR "continuous renal 
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replacement therapy" OR "blood purification therapy" OR "mortality")) 

Filters: English +Clinical Trial +Humans

Cochrane Library (3219)

restrictive fluid OR resuscitation in All Text AND acute kidney injury OR acute 

kidney failure OR acute renal failure OR continuous renal replacement therapy OR 

blood purification therapy OR mortality in All Text - in Trials (Word variations have 

been searched)

The total amount of the studies are 6142, in which the duplication number is 1621, 

leading 4521 records to be screened.
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2. PRISMA checklist
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PRISMA checklist for abstract
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3. Other supplementary Figures

Supplement Figure 1. Forest plot for mortality at most protracted time point 

available
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Supplement Figure 2. Forest plot for the ICU length of stay(LOS). The result 

was compared in two measurements, one in hours and one in days.

Supplement Figure 3. Forest plot for the incidence of worse AKI. 

Supplement Figure 4. Forest plot for subgroup analysis on the influence of age 

on severe AKI. The result was focused on the influence of the factor of age on the 

incidence of severe AKI in patients in 2 group.
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Supplemental Figure 5. Forest plot for the influence of initial places the patients 

were admitted into on severe AKI. This figure showed the results of the subgroup 

analysis on the influence of the initial places where the patients stayed before 

admitted into the ICU before randomization, which was focused on the incidence of 

severe AKI in patients in 2 group.
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Supplement Figure 6. Forest plot for subgroup analysis on the influence of age 

on mortality. The result was focused on the influence of the factor of age on 

mortality of patients. 

Supplemental Figure 7. Forest plot for the influence of initial places the patients 

were admitted into on mortality. This figure showed the results of the subgroup 

analysis on the influence of the initial places where the patients stayed before 

admitted into the ICU before randomization, which was focused on the mortality in 

patients in 2 group
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Supplement Figure 8. Trial sequential analysis. TSA showed that the diversity-

adjusted required information size(RIS) was 14876. The Z-curve didn't surpass the 

TSA boundary, indicating the result may conduct a type I error. More clinical trials 

are encouraged.
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4. Summary of contextual factor data

For analysis of the effects of restrictive fluid resuscitation therapy on patients with 

septic shock, 5 randomized controlled trials were included into this meta-analysis. 
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The studies contained a total amount of 1943 participants.

Meyhoff et al (2022) enrolled 1554 patients. During the 90-day trial in the ICU, 

excluding fluids administered with medication and nutrition, the restrictive-fluid 

group received a median of 1798 ml of intravenous fluid (interquartile range, 500 to 

4366); the standard-fluid group received a median of 3811 ml (interquartile range, 

1861 to 6762). Sever acute kidney injury was defined as stage 3 on a modified 

Kidney Disease: Improving Global Outcomes (KDIGO). The incidence of severe 

AKI was 173 out of 750 (23.1%) in restrictive-fluid group and 189 out of 772 

(24.5%).

Macdonald et al (2018) enrolled 99 patients. Median volumes administered from 

ED arrival to 6 h post randomization were 2387 ml (30 ml/kg) in the restricted 

volume arm, and 3000 ml (43 ml/kg) in the usual care arm (p<0.001). At 24 h 

respective median cumulative volumes were 3543 ml (40 ml/kg) and 4250 ml (61 

ml/ kg), p=0.005. The new incidence of AKI was defined as worse AKI according to 

the changes in patients’ peak acute kidney injury network (AKIN) score to day 7. 

The number was 7 out of 50 (14%) in restricted volume group and 5 out of 49 (10%) 

in usual care group.

Hjortrup et al (2016) enrolled 151 patients. During ICU stay after randomization, 

excluding fluids administered with medication and nutrition, the fluid restriction 

group received a median of 500 ml of intravenous fluid (interquartile range, 0 to 

3250); the standard-fluid group received a median of 2200 ml (interquartile range, 
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1000 to 4750), p<0.001. Worsening acute kidney injury (AKI) was defined as 

worsening of the KDIGO stage (plasma creatinine criteria or use of renal replacement 

therapy). The number of worsening of AKI in patients was 27 out of 73 (37%) in 

fluid restriction group and 39 out of 72 (54%) in standard care group, p=0.03.

Corl et al (2019) enrolled 109 patients. During the first 72 hours of care, the 

restrictive group received significantly less resuscitative IV fluid than the usual care 

group (47.1 vs 61.1mL/kg; p = 0.01). Acute kidney injury defined as a doubling in 

the triage creatinine. The number of AKI was 1 out of 55 (1.8%) in restrictive fluid 

group and 1 out of 54 (1.9%) in standard care group, p>0.99.

Semler et al (2019) enrolled 30 patients. Over the course of the trial, patients in the 

usual care group received a mean volume of fluid from IV boluses of 733 (1083) 

compared with 300 (560) in the conservative fluid management group (P=0.30). 

Severe acute kidney injury defined as was defined as stage 3 on a modified Kidney 

Disease: Improving Global Outcomes (KDIGO). The number of AKI was 3 out of 

14 (21.4%) in conservative group and 6 out of 15 (40.0%) in usual care group.

5. List of citation of excluded potential studies and the reasons to rule out them

5.1No AKI
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1)No data on the numbers of AKI patients was found in the following article. 

Communication with the corresponding author didn’t provide enough information in 

time.

[1] National Heart, Lung, and Blood Institute Prevention and Early Treatment of 

Acute Lung Injury Clinical Trials Network; Shapiro NI, Douglas IS, Brower RG, 

Brown SM, Exline MC, Ginde AA, Gong MN, Grissom CK, Hayden D, Hough CL, 

Huang W, Iwashyna TJ, Jones AE, Khan A, Lai P, Liu KD, Miller CD, Oldmixon 

K, Park PK, Rice TW, Ringwood N, Semler MW, Steingrub JS, Talmor D, 

Thompson BT, Yealy DM, Self WH. Early Restrictive or Liberal Fluid Management 

for Sepsis-Induced Hypotension. N Engl J Med. 2023 Feb 9;388(6):499-510. doi: 

10.1056/NEJMoa2212663. Epub 2023 Jan 21. PMID: 36688507.

2) The following were titles and accession numbers of the trial protocol we found in 

the literature search. The titles and abstracts convinced us the trials were focused on 

the topic concerning our study, but neither full-text nor information about AKI could 

be retrieved. The protocol containing their outcomes didn’t included indicators about 

AKI neither.

[2] ACTRN12616000006448. Restricted Fluid Resuscitation in Sepsis-associated 

Hypotension (REFRESH) Trial. 

http://www.who.int/trialsearch/Trial2.aspx?TrialID=ACTRN12616000006448 

2016; null(null): null.

 [3] ChiCTR-INR-17011928. Controlled Fluid Resuscitation Strategy in Sepsis 
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Patient. https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR-INR-17011928 

2017; null(null): null.

[4] NCT03137446. Restrictive Intravenous Fluids Trial in Sepsis. 

https://clinicaltrials.gov/show/NCT03137446 2017; null(null): null.

3) No data on AKI was found in these articles’ full text.

[5] Douglas IS, Alapat PM, Corl KA, Exline MC, Forni LG, Holder AL, Kaufman 

DA, Khan A, Levy MM, Martin GS, et al. Fluid response evaluation in sepsis 

hypotension and shock: a randomized clinical trial. Chest. 2020;158(4):1431–45.

[6] Corl K, Prodroumo M, Marks S, Delcompare C, Palmasciano A, Merchant R, 

Levy M. The restrictive intravenous fluid trail in severe sepsis and septic shock 

(RIFTS): a pilot study. Intensive care medicine experimental, 2018, 6(Supplement 

2) ESICM LIVES 2018. ICMx 6 (Suppl 2), 40 (2018). doi:10.1186/s40635-018-

0201-5.2 No mortality

No data on mortality of patients was mentioned in the following articles, or in the 

outcomes planned in the trial protocol.

[7] Aung NM, Kaung M, Kyi TT, Kyaw MP, Min M, Htet ZW, Anstey NM, Kyi 

MM, Hanson J. The Safety of a Conservative Fluid Replacement Strategy in Adults 

Hospitalised with Malaria. PLoS One. 2015 Nov 18;10(11):e0143062. doi: 

10.1371/journal.pone.0143062. PMID: 26581060; PMCID: PMC4651424.

[8] Hjortrup PB, Haase N, Wetterslev J, Lange T, Bundgaard H, Rasmussen BS, Dey 
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N, Wilkman E, Christensen L, Lodahl D, Bestle M, Perner A. Effects of fluid 

restriction on measures of circulatory efficacy in adults with septic shock. Acta 

Anaesthesiol Scand. 2017 Apr;61(4):390-398. doi: 10.1111/aas.12862. Epub 2017 

Feb 1. PMID: 28150304.

5.3 Not septic shock

The trial was not conducted on patients with septic shock, only patients with severe 

sepsis.

[9] Jessen MK, Andersen LW, Thomsen MH, Kristensen P, Hayeri W, Hassel RE, 

Messerschmidt TG, Sølling CG, Perner A, Petersen JAK, Kirkegaard H. Restrictive 

fluids versus standard care in adults with sepsis in the emergency department 

(REFACED): A multicenter, randomized feasibility trial. Acad Emerg Med. 2022 

Oct;29(10):1172-1184. doi: 10.1111/acem.14546. Epub 2022 Aug 5. PMID: 

35652491; PMCID: PMC9804491.

5.4 Perioperative period

The trials were conducted on patients undergoing elective surgery, and the fluid 

therapy was performed during the perioperative period.

[10] Healy MA, McCahill LE, Chung M, Berri R, Ito H, Obi SH, Wong SL, Hendren 

S, Kwon D. Intraoperative Fluid Resuscitation Strategies in Pancreatectomy: Results 

from 38 Hospitals in Michigan. Ann Surg Oncol. 2016 Sep;23(9):3047-55. doi: 

10.1245/s10434-016-5235-y. Epub 2016 Apr 26. PMID: 27116681.
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6. The GRADE results

7. specific resuscitation therapy of restrictive or conservative resuscitation 

strategy

1)Meyhoff，2022

5)Semler, 2019

Conservative Fluid Management Protocol Part 1: “SHOCK”

Patients who had experienced a MAP < 60 mmHg or vasopressor use in the prior 12 

hours were considered to be in shock. For patients more than 12 hours from 

admission to the study ICU and in shock, fluid boluses were NOT administered 

except as directed by the protocol for the indications of oliguria and worsening shock. 

MAP 60 – 80 mmHg was maintained using addition of or titration of vasopressors.

Oliguria: If a patient in shock experienced a urine output of less than 30 mL/h for at 
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least 6 hours, a fluid bolus of 500 mL of crystalloid was administered over 30 minutes. 

If urine output was more than 30 mL/h in the following two hours, the patient 

returned to the study protocol of fluid restriction and vasopressor titration and did 

not receive further fluid boluses at that time. If urine output was less than 30 mL/h 

in the following two hours, a fluid bolus of an additional 1,000 mL of crystalloid was 

administered after which the patient returned to the study protocol of fluid restriction 

and vasopressor titration. If a patient previously treated with a fluid bolus for oliguria 

experienced another 6 hour period of oliguria, the fluid boluses were repeated as per 

the protocol to a maximum of 3 L of crystalloid administered in fluid boluses on a 

given study day. In a patient who experiences urine output < 30 mL/h for 24 hours, 

the protocol was held until urine output ≥ 30 mL/h for 6 consecutive hours and then 

resumed. In a patient who was started on renal replacement therapy, the protocol was 

held until the study day following the final episode of renal replacement therapy.

Worsening Shock: If a patient in shock experienced increasing vasopressor 

requirements, the administration of IV fluid boluses and vasopressor administration 

was dictated by the study protocol. For patients requiring less than 10 mcg/min of 

norepinephrine (or equivalent), fluid boluses were not administered. For patients 

whose norepinephrine rate was greater than or equal to 10 mcg/min and whose rate 

had increased by more than 5 mcg/min in the prior six hours, a fluid bolus of 500 mL 

of crystalloid was administered over 30 minutes and then fluid restriction and 

vasopressor titration through the protocol was resumed. For patients whose 
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norepinephrine dose was greater than or equal to 20 mcg/min and whose vasopressor 

requirement had increased more than 10 mcg/min in the last 6 hours, a fluid bolus of 

500 mL over 30 minutes was administered and then fluid restriction and vasopressor 

titration through the protocol was resumed. If a patient who had previously received 

a fluid bolus for worsening shock again met criteria by vasopressor increase over 

another 6 hour period, another fluid bolus was administered in accordance with the 

study protocol to a maximum of 3 L of IV fluid bolus intake on a given study day. 

In patients whose vasopressor requirement equaled or exceeded 60 mcg/min or had 

increased more than 20 mcg/min in the last 6 hours, the protocol was held until the 

patient’s mean arterial pressure was stable in the goal range for six hours without 

addition of or increased dose of vasopressors.

Fluid Bolus Administration: In patients on study in shock, fluid boluses were only 

administered as directed by the study protocol for oliguria or worsening shock. When 

a fluid bolus was indicated in accordance with the protocol, the fluid bolus volume 

was determined by the protocol and the type of crystalloid to be administered was 

determined by the treating clinician. Fluid boluses were administered over 30 

minutes and vital signs and urine output were measured and recorded before and after 

each fluid bolus. The maximum volume of fluid which was given in the form of 

protocol-directed fluid boluses on a given study day was 3 L. If a fluid bolus was 

indicated by the study protocol but the treating clinicians felt administering a fluid 

bolus would be unsafe, the fluid bolus was NOT administered.
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Acute Event: If a patient experienced a cardiac arrest, post-intubation hypotension, 

or hemodynamically significant bleeding, the nurse notified the clinical team and 

study staff and the protocol was held until the mean arterial pressure was in the goal 

range for 6 consecutive hours without addition of or increased dose of vasopressors.

Resolution of Shock: If a patient who had been in shock achieved MAP ≥ 60 mmHg 

for 12 hours without the use of vasopressors, the protocol transitioned to “NOT in 

SHOCK”.

Conservative Fluid Management Protocol Part 2: “NOT in SHOCK”

Patients who had not experienced a MAP < 60 mmHg or vasopressor use in the prior 

12 hours were considered not to be in shock. For patients who had been in the study 

ICU for more than 12 hours and who were not in shock, (1) fluid boluses were not 

administered except as directed by the protocol for oliguria and (2) a fluid balance 

of total output greater than total input was targeted for each 24 hour period utilizing 

a diuretic infusion if necessary.

Oliguria: If a patient not in shock experienced a urine output of less than 30 mL/h 

for 6 hours, the diuretic infusion was discontinued and a fluid bolus of 500 mL of 

crystalloid was administered over 30 minutes. If urine output was more than 30 mL/h 

in the following two hours, no further fluid was administered and the diuretic 

infusion was restarted after urine output was more than 30 mL/h for 6 hours. If urine 

output was less than 30 mL/h in the following two hours, a fluid bolus of 1000 mL 

of crystalloid was administered and the diuretic infusion was restarted after the urine 
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output was more than 30 mL/h for 6 hours. If, after receiving a fluid bolus, a patient 

again experienced urine output of less than 30 mL/h for 6 hours, the protocol was 

repeated up to a maximum of 3 L of intravenous fluid boluses directed by the protocol 

on a given study day. In a patient who experienced urine output < 30 mL/h for 24 

hours, the protocol was held until urine output ≥ 30 mL/h for 6 consecutive hours 

and then was resumed. In a patient who was started on renal replacement therapy, 

the protocol was held until the study day following the final episode of renal 

replacement therapy.

Fluid Bolus Administration: In patients on study not in shock, fluid boluses were 

only administered as directed by the study protocol for oliguria. If a fluid bolus was 

directed by the protocol, the specified volume of whichever crystalloid was preferred 

by the treating clinician was administered. The fluid bolus was administered over 30 

minutes and vital signs and urine output were measured and recorded before and after 

the fluid bolus. The maximum volume of fluid which was given in the form of 

protocol-directed fluid boluses on a given study day was 3 L. If a fluid bolus was 

indicated by the study protocol but the treating clinicians felt administering a fluid 

bolus would be unsafe, the fluid bolus was NOT administered.

New Shock: If mean arterial pressure < 60 mmHg or vasopressor use developed, the 

nurse notified the clinical team and study staff and the protocol was resumed in 

“SHOCK”.

Diuretic Infusion: For patients not in shock, nursing personnel initiated a 
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continuous intravenous infusion of loop diuretic without a loading dose. If 

furosemide was clinically available and the patient was not allergic, the diuretic 

infusion was furosemide beginning at 3 mg/h titrated as needed up to a maximum of 

24 mg/h. If the patient was allergic to furosemide OR furosemide was clinically 

unavailable, the diuretic infusion was bumetanide beginning at 0.1 mg/h titrated as 

needed to a maximum dose of 0.6 mg/h. For patients previously receiving infusion 

in whom infusion was held for development of shock or oliguria, it was re-started at 

half the prior dose. For patients previously receiving infusion in whom it was held 

for another indication, the infusion was restarted at the prior dose. For the first 4 

hours after initiation or re- initiation, total fluid input, total fluid output, and urine 

output was assessed hourly and if fluid input exceeds output in a given hour the rate 

of infusion was doubled up to a maximum of 24 mg/h. Subsequently, at least every 

four hours during the infusion, nursing personnel measured and documented fluid 

intake, fluid output, and urine output.
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8. specific resuscitation therapy of liberal resuscitation strategy or usual care
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5)Semler, 2019

For patients assigned to usual care, all aspects of patient care including fluid 

management were deferred to treating clinicians.
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25 Abstract

26 Objectives: Sepsis associated hypotension or shock is critical stage of sepsis, and a 

27 current clinical emergency that has high mortality and multiple complications. A new 

28 restrictive fluid resuscitation therapy has been applied, and its influence on patients’ 

29 renal function remains unclear. The purpose of this study is to evaluate the influence 

30 of restrictive fluid resuscitation on incidence of severe acute kidney injury(AKI) in 

31 adult patients with sepsis hypotension and shock compared with usual care.
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32 Design: Systematic review and meta-analysis using the Grades of Recommendation, 

33 Assessment, Development and Evaluation (GRADE) approach.

34 Data sources: Pubmed, Embase, Web of Science and Cochrane Library were 

35 searched through 1 November 2024.

36 Eligibility criteria: We included randomized controlled trials that compared 

37 restrictive fluid resuscitation with liberal fluid therapy on patients with sepsis 

38 associated hypotension and shock, to find out their effect on the incidence of severe 

39 acute kidney injury(AKI). Severe AKI was defined as the acute kidney injury 

40 network (AKIN) score 2 to 3 or Kidney Disease Improving Global Outcomes 

41 (KDIGO) stage of 2 and 3.

42 Data extraction and synthesis: Two independent reviewers used standardized 

43 methods to search, screen and code included trials. Risk of bias was assessed using 

44 the Cochrane Systematic Review Handbook for randomized clinical trials. Meta-

45 analysis was conducted using random effects models. Sensitivity and subgroup 

46 analyses, trial sequential analysis (TSA), plus Egger’s test and the trim-and-fill 
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47 method were performed. Findings were summarized in GRADE evidence profiles 

48 and synthesized qualitatively.

49 Results: 9 trials (3718 participants) were included in this research and the analysis 

50 was conducted in random effects model. There was a significant difference in the 

51 incidence of severe AKI (RR 0.88, 95%CI 0.79 to 0.97, P=0.01; I2=0%) and the 

52 duration of mechanical ventilation (Mean Difference -41.14, 95%CI -68.80 to -13.48; 

53 P=0.004; I2=74%) between patients receiving restrictive fluid resuscitation and 

54 patients receiving liberal fluid resuscitation. TSA showed that the cumulative amount 

55 of participants met the required information size (RIS), the positive conclusion had 

56 been confirmed. The GRADE assessment results demonstrated moderate confidence 

57 on incidence of severe AKI, as well as the results of all second outcomes except the 

58 ICU LOS, which received limited confidence. And the result of incidence of worse 

59 AKI was rated as of high certainty.

60 Conclusions: It is conclusive that fluid restriction strategy is superior to usual care 

61 when it comes to reducing the incidence of severe acute kidney injury in sepsis 

62 associated hypotension and shock. Shorter duration of ventilation is concerned with 
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63 fluid restriction as well, but the heterogeneity is substantial. GRADE assessments 

64 confirmed moderate and above certainty. Traditional fluid resuscitation therapy has 

65 the potential to be further explored for improvements to be more precise and 

66 appropriate for a better prognosis. 

67 Trial registration

68 This study was retrospectively registered at the PROSPERO (International 

69 prospective register of systematic reviews) website on 29 July 2023 and the ID was 

70 CRD42023449239.

71 Keywords: Septic shock, Restrictive fluid resuscitation, Acute kidney injury, 

72 Mortality

73 Strengths and limitations of this study

74  This systematic review and meta-analysis provided a comprehensive and up-to-

75 date analysis focusing on the kidney function prognosis of patients with septic 

76 shock undergoing restrictive fluid resuscitation. 

77  To evaluate the heterogeneity, we conducted comprehensive subgroup and 

78 sensitivity analysis.
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79  To confirm the reliability of the results, we used various approaches such as TSA, 

80 GRADE assessments and the Egger’s test.

81  Number of included participants was a bit small, but the TSA result confirmed it 

82 has reached RIS.

83  When extracting the data, we countered some different definitions, but 

84 conducted other analysis to reduce the risk of bias.

85 Introduction

86 Septic shock is defined as a subset of sepsis in which potential circulatory, cellular, 

87 and metabolic damages are serious and profound enough to increase the risk of 

88 mortality. [1] It is a common clinical emergency characterized by refractory 

89 hypotension, hyperlactatemia and organ dysfunction, which occurs in more than 

90 230,000 US patients each year, leading to over 40000 deaths annually, [2,3] and 

91 affecting millions of people around the world each year. [4] AKI is a common 

92 complication in critical ill patients with sepsis and/or septic shock. [5,6] When septic 

93 shock and AKI are present simultaneously, the mortality rate is up to nearly 50%. [7] 

94 And patients with severe AKI have a high risk of stabilizing the situation of chronic 
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95 kidney disease (CKD) or progress to complete organ failure and compulsive dialysis 

96 requirement. [8,9] This would cause serious health and financial burden on the 

97 patients. When it comes to sepsis associated hypotension and septic shock, 

98 intravenous fluid resuscitation is a very common therapy in the initial treatment. It 

99 aims to increase depleted or functionally reduced intravenous volume that occurs in 

100 sepsis owing to a vasodilated vascular network. Initial fluid therapy can augment 

101 macrovascular perfusion and microvascular perfusion and counter organ hypo-

102 perfusion. [1,10] And AKI under the circumstance of vascular changes in septic 

103 shock is more related to pre-renal factors instead of post-renal or intra-renal, 

104 specifically due to micro-vascular abnormalities sand tubular stress. [3] Therefore 

105 correction of intravascular hypovolemia is a key component of the prevention and 

106 management of AKI in septic shock as well.

107 But in the case of increased endothelial cell permeability, excessive infusion can 

108 exacerbate organ dysfunction. [11] Excessive fluid administration is believed to be 

109 associated with development and progression of AKI, so individualized fluid therapy 

110 has been taken into consideration, taking into account patients’ characteristics, origin 
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111 of patients’ kidney dysfunction and risks and benefits of fluids. Therefore, this 

112 complex situation attached great importance to the choice of fluid resuscitation. A 

113 new strategy called restrictive fluid strategy，which is a resuscitating therapy of 

114 lower volumes of fluid and earlier initiation of vasopressor agents, are to be taken 

115 into consideration. But there is still insufficient evidence to make a recommendation 

116 on the use of restrictive or liberal fluid strategies in patients with sepsis associated 

117 hypotension and shock who still have sighs of hypo-perfusion and volume depletion 

118 after initial resuscitation. [10] A resent pilot multicenter, randomized, controlled trial 

119 of critically ill patients with AKI proved that a restrictive fluid management regimen 

120 was feasible. [12] Although whether restrictive fluid therapy has a positive impact 

121 on septic patients’ kidney function is not supported by strong evidence, it is 

122 commonly believed that fluid overload has deleterious impact on renal function 

123 balance.

124 The impact restrictive fluid resuscitation therapy has on the incidence of severe AKI 

125 may lay out some priority. When combined with severe kidney dysfunction, the 

126 mortality and ICU length of stay of patients with higher AKIN score all rise 
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127 significantly comparing to patients with lower AKIN score, whether the patients had 

128 sepsis or not. [13] It is a much more serious and emergent situation of the kidney 

129 function of the patients that needs urgent recognition and treatment. 

130 As intravenous fluid and vasopressor application both have an impact on the patients’ 

131 organ and tissue perfusion, the renal situation should be taken into consideration. 

132 This meta-analysis is conducted in the aim of investigating the effect of the restrictive 

133 fluid resuscitation strategy on the occurrence of severe acute kidney injury in adult 

134 patients with sepsis associated hypotension and septic shock.

135 Materials and methods

136 This study was performed according to the PRISMA (Preferred Reporting Items for 

137 Systematic Reviews and Meta-Analyses) statement methodology [14], a systematic 

138 review and meta-analysis of randomized clinical trials. The study was registered at 

139 the PROSPERO (International prospective register of systematic reviews) website 

140 and the ID was CRD42023449239.

141 Patient and public involvement
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142 As this is a systematic review and meta-analysis, we completed this research by 

143 searching papers through Internet, extracting relevant data from included trials and 

144 working on the data statistically. No patients or public involvement were involved in 

145 this research directly.

146 Search strategy and selection of studies

147 A literature search of PubMed, Web of science, Embase and Cochrane library was 

148 undertaken to identify randomized clinical trials. The searches were last updated on 

149 1 November 2024. The search terms used were “acute kidney injury” or “acute 

150 kidney failure” or “acute renal failure” or “continuous renal replacement therapy” or 

151 “blood purification therapy” or “mortality”, and “restrictive fluid” or “resuscitation”. 

152 The search and reviewing of all the articles were conducted by two reviewers (XEC 

153 and XTC) independently. When encountered disagreements, a third reviewer (WTL) 

154 would provide a suggestion.

155 Title and abstract screening was conducted for all relevant studies and potentially 

156 relevant records were thoroughly read. The inclusion criterions were as follows: 1) 

157 the research was limited to randomized clinical trials only, 2) studies conducted on 
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158 adult patients(≥18 years) who were diagnosed as septic shock, 3) trials where the 

159 intervention assessed was restrictive fluid resuscitation therapy or conservative fluid 

160 strategy versus liberal or conventional fluid resuscitation, 4)studies that contained 

161 the data of numbers of patients who countered AKI, or the mortality. Trials with the 

162 following features were excluded: 1) studies enrolling pregnant patients, 2) studies 

163 in which most patients had systematic inflammatory response syndrome secondary 

164 to other causes such as burn or pancreatitis without a clear sepsis subgroup, 3) studies 

165 that focused on patients undergoing elective surgery, or the therapy was carried out 

166 during perioperative period [15,16]. No date, publication status, languages or 

167 predefined outcome restriction were applied.

168 Data extraction and Synthesis

169 In this meta-analysis, primary outcome was severe AKI which was defined as acute 

170 kidney injury network (AKIN) [17] score 2 to 3 or Kidney Disease Improving Global 

171 Outcomes (KDIGO) [18] stage of 2 and 3 [19]. Data including primary outcome were 

172 extracted by two reviewers (XEC and XTC). If there were disagreements, a discussion 

173 was performed with another reviewer (WTL). 
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174 Titles and abstract of all reports identified in the literature searches were screened 

175 for further review. The data collected form each study included 1) general 

176 information (author, year, study design), 2) characteristics of the participants 

177 (including gender, age, inclusion and exclusion criteria, initial places where they 

178 stayed before admitted into ICU and randomization, and the diagnosis criterions and 

179 diagnosing time point of septic shock), 3) outcomes, with primary outcome 

180 determined as incidence of severe AKI (with clear clarification of numbers of 

181 patients of AKIN score 2 and 3, or KDIGO stage 2 and 3) and secondary outcomes 

182 as clinical outcomes including overall mortality (when there was more than one 

183 indicator concerning with the mortality of all participants at different times, the 

184 mortality of the longest period would be prioritized for inclusion in the meta-

185 analysis), ICU LOS, the incidence of worse AKI (defined as higher stages of KDIGO 

186 criterion or higher scores of AKIN), and duration of ventilation.

187 When countering missing data, the author tent to contact authors of the relevant 

188 studies, and searched for other paper of the same trial. The reference lists of included 
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189 randomized clinical trials were reviewed for additional trials meeting eligibility 

190 criteria.

191 Dichotomous variables were expressed as counts and proportions. Means and 

192 standard deviations (SDs) were used to describe normally distributed continuous 

193 variables. Because the ICU length of stay and ventilation time were not normally 

194 distributed, all studies involving the data reported the ICU LOS and duration of 

195 ventilation by using the median and the first and third quartiles. We estimated the 

196 sample mean and standard deviation (SD) value based on the method of mean 

197 variance estimation presented by the Hong Kong Baptist University. [20,21,22,23]

198 Study quality and risk of bias assessment

199 The risk of bias was assessed for each outcome in all included studies using the 

200 Cochrane Systematic Review Handbook for randomized clinical trials. The 9 studies 

201 were assessed as being at low, uncertain or high risk of bias for each of 6 domains. 

202 The internal validity of the included studies was assessed according to the Cochrane 

203 Collaboration methodology (the Cochrane Risk of Bias tool), which consists of 6 

204 domains. [24] The results were output by using the Review Manager((RevMan) 
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205 [Computer program]. Version 5.4. The Cochrane Collaboration, 2020.) software, 

206 which was applied in the statistical analysis as well. Two reviewers assessed study 

207 quality independently (XEC & XTC). If there were disagreements, a discussion was 

208 performed with another reviewer (WTL). 6 aspects were performed for assessing the 

209 risk of bias, including allocation concealment, random sequence generation, blinding, 

210 incomplete outcome data, selective reporting and other bias. Publication bias was 

211 evaluated by visual inspection of a funnel plot, and further checked by the Egger 

212 linear regression test and a nonparametric trim-and-fill method [25], which was done 

213 by the R software (version 4.4.1) formally known as the R Project for Statistical 

214 Computing.

215 Outcome measures

216 The primary outcome was the incidence of severe AKI of all participants. Key 

217 secondary outcomes were all-cause mortality at the latest time of follow-up, ICU 

218 LOS, duration of ventilation and the full amount of patients developing worse AKI 

219 comparing to the situation of their first admission into the hospital. 

220 Analysis
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221 The meta-analysis was carried out by using a random effects model for outcomes for 

222 which two or more randomized studies were available. The results of outcomes were 

223 reported in the form of narrative and graphs. We used Risk Ratio(RR) with 95%CI 

224 for dichotomous outcomes (incidence of severe AKI, incidence of worse AKI, 

225 mortality) and Mean Difference(MD) with 95%CI for continuous outcomes (ICU 

226 LOS, duration of ventilation) to estimate the pooled effects. In all analyses, P<0.05 

227 was considered significant, and statistically significant.

228 For key outcomes, we assessed the quality of evidence using the Grades of 

229 Recommendation, Assessment, Development and Evaluation(GRADE) approach. 

230 [26]

231 The heterogeneity of these 9 studies was measured by the I2 which describes the 

232 percentage of total variation across studies that is due to heterogeneity rather than 

233 chance. A value of 0% indicates that no heterogeneity is observed, 25%, 50%, and 

234 75% represent low, moderate, and high levels of heterogeneity respectively [27].

235 A sensitivity analysis was performed by removing one study at a time to determine 

236 whether a specific trial had a higher contribution to the heterogeneity. 
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237 Simultaneously we tested the analysis by including high-quality researches only to 

238 see if the results changed utterly [28, 29, 30,31]. Subgroup analysis was carried out 

239 to see if the following factors contributed to the result: enrolling patients with an 

240 average age ≥70 years or <70 years, places where the patients were admitted from 

241 (the emergency department (ED) only, or places including ED, hospital wards, the 

242 operation room (OR), and other ICU). 

243 A trial sequential analysis (TSA) was performed to estimate the optimal sample size 

244 to reach a plausible conclusion on the research. We used Trial Sequential Analysis 

245 (TSA) [Computer program]. Version 0.9.5.10 Beta. The Copenhagen Trial Unit, 

246 Centre for Clinical Intervention Research, The Capital Region, Copenhagen 

247 University Hospital – Rigshospitalet, 2021. Statistical significance was set at a P-

248 value of 0.05.

249 Results

250 The search was conducted up to 1 November 2024. And the process of the search of 

251 literature is summarized and presented in Figure 1. A total of 7249 studies were 

252 retrieved from 4 databases and screened title and abstract for potential relevant 
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253 researches. 2462 of records were removed for duplication first. 4787 records were 

254 identified as ineligible or irrelevant, leaving 90 records for full-text review. 9 studies 

255 met criteria for inclusion and were included in the quality assessment. At the end, all 

256 9 randomized clinical trials were included into this meta-analysis covering 3718 

257 participants. Details of the selection process were shown in Figure 1. 

258 Description of included randomized trials

259 Sample sizes ranged from 29 to 1563. Three studies took place in the United State of 

260 America(USA), two in Denmark, one in Switzerland, one in Australia and New 

261 Zealand, one in the USA and United Kingdom. And one study took place in 

262 worldwide. All trials were conducted on adult patients and no pregnant patients were 

263 included. All 9 studies evaluated patients with septic shock. Further characteristics 

264 of the 9 chosen RCTs were summed up in Supplement Table 1. No heterogeneity 

265 was observed in these RCTs.

266 The overall quality of included RCTs was shown in Figure 2. The use of random 

267 sequence generation and allocation concealment and the risk of reporting bias were 
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268 unclear in a number of studies. Confounding by indication and time-dependent 

269 exposure might have biased the studies. [29]

270 Assessment of the risk of bias was summarized in Figure 2. Among the 9 RCTs, 

271 none of the trials were double blinded. The allocation may be blinded for the 

272 statistician. But it was obviously impossible to blind both patients and caregivers in 

273 the medical intervention of the trials, we proposed that the outcomes may not be 

274 influenced by a lack of blinding. One trial was classified as having an unclear risk of 

275 bias in selection reporting.

276 The incidence of severe AKI 

277 The depiction of AKI differed in 9 RCTs. But they could all come down to the 

278 criterion of AKIN score or KDIGO stage. Some defined patients who met the 

279 KDIGO stage of 1-3 as AKI [30, 32], or modified the classification into stage 2 or 

280 higher, both with higher stages indicating more severe kidney injury [29]. Some 

281 chose to reflect the patients’ renal situation by the patients’ peak AKIN score [33]. 

282 Two studies reported numbers of worsening AKI, or new onset of severe AKI, which 

283 was defined as worsening of the KDIGO stage (plasma creatinine criteria or use of 
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284 renal replacement therapy) [31, 34]. In 2 trials the exact number of patients’ of 

285 KDIGO stage 2 and 3 was not available neither in the article nor the supplement 

286 appendix. [28, 35]. We extracted the numbers of patients receiving continuous renal-

287 replacement therapy (CRRT) treatment according to the information this article 

288 provided in their supplement appendix, which met the diagnostic criteria for KDIGO 

289 stage 3 or AKIN score 3. In the study conducted by Corl et al. in 2019 [36], serious 

290 AKI was narrated as doubling in the triage creatinine within 72 hours, which could 

291 be considered as KDIGO stage 2.

292 A total of 3712 patients were analyzed for renal function. 410 of the 1864 patients 

293 analyzed in the restrictive fluid resuscitation group (22.0%)and 477 of the 1849 

294 patients analyzed in the liberal fluid resuscitation group (25.8%)were diagnosed 

295 severe AKI or evaluated as KDIGO score of 2 and 3 or reached AKIN score 2 and 3 

296 during the follow-up of the studies (RR 0.88, 95%CI 0.79 to 0.97, P=0.01; I2=0%). 

297 Obviously there was a significant difference in the incidence of acute kidney injury 

298 between patients receiving a restrictive or conservative fluid resuscitation strategy 
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299 and those who received a liberal fluid resuscitation strategy or usual care therapy. 

300 The process was shown in the forest plot in Figure 3.

301 Second outcomes

302 Mortality

303 Data on all-cause mortality of the participants were available in all 9 RCTs. A total 

304 of 3813 patients were tracked down for their clinical ending at most protracted time 

305 point, including 90-day mortality in 7 RCTs, [28,29,30,31,32,33,34], 60-day 

306 mortality in one [36], and 30-day mortality in one [35]. We found no significant 

307 difference in the mortality between the restrictive fluid resuscitation group and the 

308 liberal fluid resuscitation group (RR 0.99,95%CI 0.90 to 1.08; P=0.82; I2=0%). The 

309 result of the I2 evaluation indicated that there was no heterogeneity observed. 

310 Specific data was reported by Supplement Figure 1 in supplementary appendix.

311 ICU length of stay

312 Seven RCTs reported the patients’ length of stay in ICU, of which 3 were measured 

313 in hours [30,33,36] and 4 were measured in days [29,31,32,35]. All data was 

314 extracted in the form of median and IQR and was transformed into value of mean 
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315 and SD by the method proposed by the Hong Kong Baptist University. The result 

316 was shown in Supplement Figure 2, obviously no heterogeneity was detected in the 

317 trial neither (Mean Difference -0.33,95%CI -0.79 to 0.13; P=0.16; I2=0%).

318 Incidence of worse AKI

319 Data on the incidence of worse AKI were available in 3 RCTs. We analyzed the full 

320 amount of patients developing worse AKI comparing to the situation of their first 

321 admission into the hospital. It was narrated as worse situation of AKI in patients who 

322 already suffered from AKI, [31,33,34] (according to the KDIGO criteria, higher stage 

323 means worse kidney function situation), and for patients without AKI at baseline, 

324 development of AKI after randomization was regarded as worsening of AKI. The 

325 result was shown in Supplement Figure 3. No significant difference was found in 

326 the incidence of worse AKI between the restrictive fluid resuscitation group and the 

327 liberal fluid resuscitation group (RR 0.76, 95%CI 0.55 to 1.05; P=0.09; I2=0%). No 

328 heterogeneity was detected in the trial.

329 Duration of ventilation
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330 3 RCTs reported the patients’ mechanical ventilation hours [33,35,36]. All data was 

331 extracted in the form of median and IQR and was transformed into value of mean 

332 and SD by the method proposed by the Hong Kong Baptist University. The result 

333 was shown in Figure 4. There was a significant statistical difference in the duration 

334 of ventilation of patients between the restrictive fluid resuscitation group and the 

335 liberal fluid resuscitation group (Mean Difference -41.14, 95%CI -68.80 to -13.48; 

336 P=0.004; I2=74%). High heterogeneity was detected in the trial.

337 Sensitivity analysis

338 In the sensitivity analysis, we removed the studies individually to see if any of them 

339 had a larger impact on the result. And when trial conducted by Meyhoff et al. [29] 

340 was removed, the result reversed and had no statistical meaning. This indicated that 

341 this trial took a large position in the analysis. When we included only high-quality 

342 researches according to the assessments [28,29,30,31], the result remained 

343 statistically meaningful (RR 0.89, 95%CI 0.80 to 0.99; P=0.03; I2=0%). Through 

344 sensitivity analysis of the secondary outcomes, we found that high heterogeneity of 

345 the duration of ventilation was mainly related to the Corl et al.’s study [36]. When it 
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346 was removed, the heterogeneity could be considered as low (Mean Difference -52.68, 

347 95%CI -73.80 to -31.56; P<0.00001; I2=9%) comparing to original analysis results. 

348 And when other 2 studies were removed individually, the value of I2 remained above 

349 75%( I2=76% or 81%).

350 Subgroup analysis

351 All 9 RCTs concluded the participants’ median age. We calculated the average age 

352 and then divided the studies into two divisions according to the criterion(<70 year 

353 versus ≥70 years). The role the initial places where the patients were admitted from 

354 played was investigated as well. Most patients were extracted from the emergency 

355 department (ED) of the hospital. [33,34,35,36] The rest participants were admitted 

356 into the ICU from OR, hospital wards or other ICUs, especially in multicenter trials. 

357 [28,29,30,31,32] Simultaneously we analyzed whether these factors had an impact 

358 on the results of the incidence of severe AKI and the mortality of the patients. 

359 Results showed that there was a significant difference in the incidence of severe AKI 

360 between patients receiving restrictive fluid resuscitation in the subgroup analyzing 

361 the factor of age above 70 (RR 0.89, 95%CI 0.79 to 0.99; P=0.03; I2=0%) and the 
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362 multiple initial places where the patients were admitted from (RR 0.88, 95%CI 0.80 

363 to 0.98; P=0.02; I2=0%) (Supplement Figure 4&5). This led to the indication that 

364 restrictive fluid resuscitation therapy could make an impact on the kidney function 

365 of patients over 70 years old. And when patients were admitted from not only the 

366 ED, but also the OR, hospital wards and other ICUs, they were more likely to benefit 

367 from restrictive fluid resuscitation strategy.

368 Simultaneously, these two factors above didn’t have a connection with the mortality 

369 of the patients. No significant difference was found in the subgroup analysis. And no 

370 significant heterogeneity was detected. (Supplement Figure 6&7) 

371 Trial Sequential Analysis

372 Trial sequential analysis (TSA) was conducted to calculate the optimal required 

373 information size [37,38] (meta-analysis sample size) for our meta-analysis based on 

374 a baseline incidence rate of 45% [39,40]in the control group, a relative risk reduction 

375 of 10%, 80% of power and a type I error of 5%. TSA showed that the diversity 

376 adjusted RIS was 3711 which was less than that in our study (n=3718). Trial 

377 sequential adjusted 95% CI of RR was 0.79 to 0.97 in the fixed effects model, and 
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378 0.87 to 0.88 in the random effects model. The Begg-Tang random effects model was 

379 applied to test the reliability of the result. [41] The results were showed in Figure 5. 

380 The Z-curve surpassed the conventional boundary and the trial sequential monitoring 

381 boundary both for benefit, indicating that the result was reliable and the accuracy 

382 was testified. The cumulative amount of participants met the RIS line, this positive 

383 conclusion had been confirmed.

384 Quality of evidence

385 We assessed the quality of evidence using the GRADE approach (Supplement 

386 Figure 9). The results demonstrated moderate confidence in the findings on 

387 incidence of severe AKI, as well as the results of all second outcomes except the ICU 

388 LOS, which received limited confidence. And the result of incidence of worse AKI 

389 was rated as of high certainty.

390 Publication bias

391 We explored funnel plot, applied Egger linear regression test and the trim-and-fill 

392 method for the primary outcome (Supplement Figure 8). The result showed a P-

393 value of 0.3929 (P>0.05), meaning that no significant publication bias was detected.
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394 Discussion

395 This study focused on the influence of the up-to-date restrictive fluid resuscitation 

396 therapy on the incidence of severe AKI of patients under such circumstance, which 

397 was a topic that little previous studies had ever discussed. And we found that though 

398 restricted fluid resuscitation therapy doesn’t improve the overall mortality, it did 

399 have a strong connection with lower incidence of severe AKI, indicating that it is 

400 associated with less degeneration of patients’ renal function. Thus, we provided new 

401 evidence for the need of more individual and specialized fluid resuscitation therapy 

402 for patients with sepsis hypotension and septic shock.

403 This meta-analysis focused on a neglected topic, included more participants from other 

404 countries and centuries, and the specific measures of the intervention were also different. 

405 This gave our research unique strengths, such as more comprehensive included studies, 

406 different focusing prognosis, certain results and conclusion. Various analysis was 

407 conducted to confirm the certainty of the results. The TSA results has confirmed that 

408 the result is reliable, and when it comes to decreasing the incidence of severe AKI in 
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409 sepsis associated hypotension and shock, restrictive fluid resuscitation is superior to 

410 usual care therapy.

411 Occurrence of AKI remains one of the major causes of mortality in sepsis associated 

412 hypotension and septic shock. Kidney injuries may contribute to long-term effects 

413 such as secondary episodes of sepsis and multiple organ dysfunction syndrome 

414 (MODS). [42] It is of vital significance that we determine the optimal fluid 

415 resuscitation strategy and the volume of intravenous fluid for critically ill patients. 

416 Previous studies [31,43,44] proposed that it may benefit the patients’ renal function, 

417 by the strict condition that optimal kinds of fluid and volumes were applied. Our 

418 study arrived in the conclusion that lays with this finding. Fluid resuscitation need to 

419 be sufficient, but must be in a controlled fashion and be carried out under dynamic 

420 assessment monitoring of patients’ volume situation [45]. Volumes of intravenous 

421 resuscitation fluids directly ameliorate the tissue and organ perfusion, along with 

422 vasopressors, the treatment hold a profound meaning for the safety of organs and the 

423 resuscitating process. Excessive volume load will lead to increased renal venous 

424 pressure, leading to renal interstitial edema, thus decreasing the renal tissue perfusion. 

Page 28 of 91

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
n

seig
n

em
en

t S
u

p
erieu

r (A
B

E
S

)
at A

g
en

ce B
ib

lio
g

rap
h

iq
u

e d
e l

 
o

n
 Ju

n
e 11, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
16 F

eb
ru

ary 2025. 
10.1136/b

m
jo

p
en

-2024-086367 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

28

425 And volume overload will lead to an increase in central venous pressure, which leads 

426 to the obstruction of renal venous reflux and decrease of renal perfusion. In addition, 

427 severe overload is concerned with an increase in intra-abdominal pressure, which 

428 leads to increased renal venous pressure and decreased renal blood flow. This will 

429 increase the pressure in the glomerular balloon cavity, leading to worsening AKI [46]. 

430 Thus, too rapid and aggressive fluid resuscitation strategy could potentially burden 

431 cardiac and renal function, creating an underlying danger to the precarious physical 

432 condition of patients with septic shock. The pace of providing intravenous fluids in 

433 the beginning time should not be neglected. Simultaneously, we found that restriction 

434 on fluid volume is associated with decrease in patients’ duration of mechanical 

435 ventilation. This indicated benefit of the participants’ pulmonary function. Less 

436 hours of mechanical ventilation on the patients not only induces less complications 

437 like ventilator-associated pneumonia (VAP) [47], but also has economic benefits. 

438 High heterogeneity was found between the included 3 trials, which is mainly related 

439 to the Corl et al. ’s study [36]. It was likely to be concerned with less centers of the 

440 study, its more complicated septic shock inclusion criterion compared with the other 
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441 2 studies and higher intravenous fluid volume of the restrictive fluid group 

442 (Supplement Table 1). The general economic assessment was not taken into 

443 consideration, which future trials should incorporate. 

444 Subgroup analysis also showed that the influence of restrictive fluid resuscitation 

445 strategy was especially obvious on patients with an elderly age of over 70. This may 

446 be for the reason that the aged have poor cardiopulmonary function and a narrow 

447 volume window. In the presence of septic shock, it is likely that vasoplegia plays an 

448 important role in the volume responsiveness assessment. And elder patients’ vascular 

449 wall elasticity decreases, leading to a decrease in their ability to respond to variety in 

450 circulating volume. When patients are admitted from not only the ED, but also other 

451 places such as the OR and hospital wards, they generally possess longer hospital stay 

452 period and more complicated symptoms. Restriction on their resuscitation fluids may 

453 be beneficial for their renal function.

454 The initial causes of septic shock differed in all participants, and for the sake of 

455 patients’ safety and to promote the stabilization of patients’ vital signs, caregivers all 

456 adapted an initial treatment before randomization and admission into the ICU or 
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457 emergency department. The treatments aimed to delay the progression of the disease. 

458 And all patients included into the RCTs had undergone a similar initial resuscitation 

459 treatment. Four trials included in this analysis followed the surviving sepsis 

460 campaign bundle which was updated in 2018 [48], and gave their participants an 

461 initial fluid volume of 30ml/kg [29,31,35,36]. One trial clear limited the initial 

462 infusion of restricted fluid protocol to 1000ml as long as the patients’ vital signs had 

463 stabled. [28] The other four didn’t mention whether the intervention included an 

464 initial resuscitation fluid volume [30,32,33,34]. So, the amount of resuscitation fluid 

465 can be recognized as sufficient. In all 9 RCTs, 7 of which applied norepinephrine, or 

466 to say noradrenaline [28,29,30,31,32,33,35], and two was unclear [34,36]. The 

467 timeframe the intervention fluid therapy lasted differed extremely in these trials. 

468 Three were within the first 24-h period [28,30,34], two were 72-h [35,36], and the 

469 rest were 6-h post randomization [33], 5 days [31] and 14 days [32] individually. The 

470 patients received the assigned intervention from the time of randomization until they 

471 were discharged from the ICU, for a maximum of 90 days [29]. There was also 

472 difference of original countries they took place in, number of patients, difference of 
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473 their septic shock inclusion criterion and difference of the details of their intervention. 

474 The publication bias of these studies and the lasting period of intervention strategy 

475 also had an influence. All these factors may attribute to the heterogeneity measured 

476 by the I2 trial.

477 Through the study, few evidences were found to definite that the fluid restriction 

478 strategy has any influence on the patients’ mortality and ICU LOS. This may be 

479 because the original infection differed among all the participants, leading to a much-

480 complicated subject to compare the ending of all patients. And ICU LOS is a 

481 multifactorial indicator and is very dependent on the patients’ condition. Most 

482 participants in the studies relied on life-support instruments, exclusively available in 

483 the ICU early stages of treatment.

484 The sensitivity analysis indicated that the trial conducted by Meyhoff et al. [29] took a 

485 large position in the analysis. This phenomenon had a lot to do with its number of 

486 participants and the long duration of the intervention means. The results of this meta-

487 analysis were confirmed by various analysis, and adding other studies provided more 

488 comprehensive insights into this topic. 
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489 Results of the GRADE assessments were 1 with high certainty (incidence of worse 

490 AKI), 3 with moderate certainty (incidence of severe AKI, mortality, duration of 

491 ventilation), and 1 with low certainty (ICU LOS). The uncertainty mainly came from 

492 the risk of bias and the imprecision of the included studies. The more studies were 

493 involved, the higher risk of bias we saw. The consistency and directness were all 

494 ensured in every trial. But when it came to data concerned with time duration or time 

495 period, the imprecision was assessed as serious. The heterogeneity and different 

496 extraction time nodes of each factor in different trials may also be relevant to the 

497 assessments.

498 Due to lack of data and corresponding issue, some data about severe AKI was 

499 represented by numbers of initiation of RRT, which may deviate from the actual results 

500 in reality. Unpublished data or data reported in abstract form was not included, which 

501 may lead to publication bias. There was little evidence supporting that fluid restriction 

502 strategy affects patients' mortality and ICU length of stay. This could be due to 

503 differences in the initial causes of infection among all patients, making outcome 

504 comparisons complex. The risk of bias of the included trials existed, but the quality of 
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505 the results remained reliable, examining by aforementioned analysis. If any relevant 

506 required data are available, we will immediately include them in this analysis as 

507 supplement. The numbers of included participants may be a bit small, but this meta-

508 analysis strictly included only trials focusing on restrictive fluid resuscitation. And the 

509 result of TSA had made sure the sample size reached the RIS. The difference in duration 

510 of restrictive fluid resuscitation therapy of these included trials may play an important 

511 role in the heterogeneity. Sensitivity analysis showed the result heavily relied on the 

512 Meyhoff study. But as narrated before, this analysis had its own irreplaceable strength. 

513 And TSA showed promise in the primary outcome. 

514 Conclusion

515 It is conclusive that fluid restriction strategy is superior to usual care when it comes to 

516 reducing the incidence of severe acute kidney injury in sepsis associated hypotension 

517 and shock. Shorter duration of ventilation is concerned with fluid restriction as well, 

518 but the heterogeneity is substantial. GRADE assessments confirmed moderate and 

519 above certainty. Traditional fluid resuscitation therapy has the potential to be further 

520 explored for improvements to be more precise and appropriate for a better prognosis.
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521 List of abbreviations

522 AKI: Acute kidney injury; RCT: randomized controlled trial; ICU: Intensive care unit; 

523 TSA: trial sequential analysis; LOS: length of stay; RRT: renal-replacement therapy; 

524 RR: relative risk; CI: confidence interval; SD: standard deviation; MD: mean difference; 

525 ED: emergency department; OR: operation room; KDIGO: kidney disease improving 

526 global outcomes; RIS: required information size; MODS: multiple organ dysfunction 

527 syndrome; GRADE: Grades of Recommendation, Assessment, Development and 

528 Evaluation
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748 Figures legends

749 Figure 1. The process of literature search

750 Figure 2. Risk of bias summary for each included study. Red(-)indicates high risk 

751 of bias; yellow(?) indicates unclear risk of bias; green(+) indicates low risk of bias.
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752 Figure 3. Forest plot for primary outcome of the incidence of severe AKI. It 

753 illustrates the result of restrictive or conservative fluid resuscitation strategy versus 

754 liberal fluid resuscitation or usual care strategy.

755 Figure 4. Forest plot for second outcome of the duration of ventilation. It shows 

756 the result of restrictive fluid resuscitation strategy versus liberal fluid resuscitation 

757 strategy on the duration of ventilation of patients with septic shock.

758 Figure 5. Trial sequential analysis. TSA showed that the diversity-adjusted required 

759 information size(RIS) was 3711. The Z-curve surpassed the conventional boundary 

760 and the trial sequential monitoring boundary both for benefit, indicating that the result 

761 was reliable and the accuracy was testified. The cumulative amount of participants 

762 met the RIS line, this positive conclusion had been confirmed.

763
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Figure 2. Risk of bias summary for each included study. Red(-)indicates high risk of bias; yellow(?) indicates 
unclear risk of bias; green(+) indicates low risk of bias. 
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Figure 3. Forest plot for primary outcome of the incidence of severe AKI. It illustrates the result of restrictive 
or conservative fluid resuscitation strategy versus liberal fluid resuscitation or usual care strategy. 
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Figure 4. Forest plot for second outcome of the duration of ventilation. It shows the result of restrictive fluid 
resuscitation strategy versus liberal fluid resuscitation strategy on the duration of ventilation of patients with 

septic shock. 
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Figure 5. Trial sequential analysis. TSA showed that the diversity-adjusted required information size(RIS) 
was 3711. The Z-curve surpassed the conventional boundary and the trial sequential monitoring boundary 

both for benefit, indicating that the result was reliable and the accuracy was testified. The cumulative 
amount of participants met the RIS line, this positive conclusion had been confirmed. 
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Supplementary appendix

This supplementary appendix provides:

1. Search equation via PubMed, Embase, Web of Science, and Cochrane 

Library

2. PRISMA checklist

3. Other supplementary Figures

4. Summary of contextual factor data

5. List of citation of excluded potential studies and the reasons to rule out them

6. The GRADE results

7. Table of characteristics of included studies
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2

1. Search equation via PubMed, EMBASE, Medline, and Cochrane Library

Search strategies for the different databases ran on April 28,2023

PubMed (1386)

Search: ("acute kidney injury" OR "acute kidney failure" OR "acute renal failure" 

OR "continuous renal replacement therapy" OR "blood purification therapy" OR 

"mortality") AND ("restrictive fluid" OR "resuscitation")

Filters: Randomized Controlled Trial, Humans

Embase (865)

("acute kidney injury" OR "acute kidney failure" OR "acute renal failure" OR 

"continuous renal replacement therapy" OR "blood purification therapy" OR 

"mortality") AND ("restrictive" AND "fluid" AND "resuscitation")

Web of Science (1543)

(TS=("restrictive fluid") OR TS=("resuscitation")) AND TS=(("acute kidney injury" 

OR "acute kidney failure" OR "acute renal failure" OR "continuous renal 

replacement therapy" OR "blood purification therapy" OR "mortality")) 

Filters: Clinical Trial +Humans
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Cochrane Library (3455)

restrictive fluid OR resuscitation in All Text AND acute kidney injury OR acute 

kidney failure OR acute renal failure OR continuous renal replacement therapy OR 

blood purification therapy OR mortality in All Text - in Trials (Word variations have 

been searched)

The total amount of the studies are 7249 in which the duplication number is 2462, 

leading 4878 records to be screened.
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2. PRISMA checklist
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PRISMA checklist for abstract
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3. Other supplementary Figures

Supplement Figure 1. Forest plot for mortality at most protracted time point 

available

Supplement Figure 2. Forest plot for the ICU length of stay(LOS). The result 

was compared in two measurements, one in hours and one in days.

Supplement Figure 3. Forest plot for the incidence of worse AKI. 
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Supplement Figure 4. Forest plot for subgroup analysis on the influence of age 

on severe AKI. The result was focused on the influence of the factor of age on the 

incidence of severe AKI in patients in 2 group.

Supplemental Figure 5. Forest plot for the influence of initial places the patients 

were admitted into on severe AKI. This figure showed the results of the subgroup 

analysis on the influence of the initial places where the patients stayed before 

admitted into the ICU before randomization, which was focused on the incidence of 

severe AKI in patients in 2 group.
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Supplement Figure 6. Forest plot for subgroup analysis on the influence of age 

on mortality. The result was focused on the influence of the factor of age on 

mortality of patients. 

Supplemental Figure 7. Forest plot for the influence of initial places the patients 

were admitted into on mortality. This figure showed the results of the subgroup 

analysis on the influence of the initial places where the patients stayed before 

admitted into the ICU before randomization, which was focused on the mortality in 

patients in 2 group.
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Supplement Figure 8. Funnel plot for the incidence of severe AKI. The result of 

Egger linear regression test (A1) and trim-and-fill (A2) showed a P-value of 0.3929 

(P>0.05), meaning that no significant publication bias was detected.

A1. incidence of severe AKI
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A2. incidence of severe AKI(trim-and-fill)
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4. Summary of contextual factor data

For analysis of the effects of restrictive fluid resuscitation therapy on patients with 

septic shock, 9 randomized controlled trials were included into this meta-analysis. 

The studies contained a total amount of 3718 participants.

Meyhoff et al (2022) enrolled 1554 patients. During the 90-day trial in the ICU, 

excluding fluids administered with medication and nutrition, the restrictive-fluid 

group received a median of 1798 ml of intravenous fluid (interquartile range, 500 to 

4366); the standard-fluid group received a median of 3811 ml (interquartile range, 

1861 to 6762). Severe acute kidney injury was defined as a modified classification 

of stage 2 or higher according to Kidney Disease: Improving Global Outcomes 

(KDIGO) on a scale ranging from 1 to 3, with higher stages indicating more severe 

kidney injury. The incidence of severe AKI was 309 out of 748 (41.3%) in restrictive-

fluid group and 360 out of 771 (46.7%).

Macdonald et al (2018) enrolled 99 patients. Median volumes administered from 

ED arrival to 6 h post randomization were 2387 ml (30 ml/kg) in the restricted 

volume arm, and 3000 ml (43 ml/kg) in the usual care arm (p<0.001). At 24 h 

respective median cumulative volumes were 3543 ml (40 ml/kg) and 4250 ml (61 

ml/ kg), p=0.005. The incidence of severe AKI was defined as score 2 or higher 

according to patients’ peak acute kidney injury network (AKIN) score to day 7. The 

number was 16 out of 50 (32%) in restricted volume group and 16 out of 49 (32.7%) 

in usual care group.
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Hjortrup et al (2016) enrolled 151 patients. During ICU stay after randomization, 

excluding fluids administered with medication and nutrition, the fluid restriction 

group received a median of 500 ml of intravenous fluid (interquartile range, 0 to 

3250); the standard-fluid group received a median of 2200 ml (interquartile range, 

1000 to 4750), p<0.001. Severe acute kidney injury was defined as a modified 

classification of stage 2 or higher according to the KDIGO criterion. The number of 

worsening of AKI in patients was 19 out of 73 (26.0%) in fluid restriction group and 

26 out of 72 (36.1%) in standard care group.

Corl et al (2019) enrolled 109 patients. During the first 72 hours of care, the 

restrictive group received significantly less resuscitative IV fluid than the usual care 

group (47.1 vs 61.1mL/kg; p = 0.01). Severe acute kidney injury defined as a 

doubling in the triage creatinine. The number of AKI was 1 out of 55 (1.8%) in 

restrictive fluid group and 1 out of 54 (1.9%) in standard care group, p>0.99.

Semler et al (2019) enrolled 30 patients. Over the course of the trial, patients in the 

usual care group received a mean volume of fluid from IV boluses of 733 (1083) 

compared with 300 (560) in the conservative fluid management group (P=0.30). 

Severe acute kidney injury defined as was defined as stage 2 and 3 on a modified 

Kidney Disease: Improving Global Outcomes (KDIGO). The number of severe AKI 

was 6 out of 14 (42.8%) in conservative group and 10 out of 15 (66.7%) in usual care 

group.

Douglas et al (2020) enrolled 124 patients. Both arms received a similar volume of 
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resuscitation fluid prior to enrollment (2.4 ± 0.6 L Intervention arm compared to 2.2 

± 0.7 L Usual Care arm). Positive fluid balance at 72 hours or ICU discharge, was 

significantly less in the Intervention arm (-1.37L favoring Intervention arm, 0.65 ± 

2.85L Median: 0.53L Intervention arm vs. 2.02 ± 3.44L Median: 1.22L Usual Care 

arm, p=0.02). Severe AKI was defined as initiation of renal replacement therapy. The 

number was 4 out of 79 (5.1%) in restrictive fluid group and 7 out of 40 (17.5%) in 

standard care group.

Lindén et al (2024) enrolled 98 patients. Median total volume of fluid in the first 

three days, was 6008 ml (interquartile range [IQR] 3960–8123) in the restrictive fluid 

group (n = 44), and 9765 ml (IQR 6804–12,401) in the control group (n = 48); 

corresponding to a Hodges–Lehmann median difference of 3560 ml [95% 

confidence interval(CI) 1614–5302]; p < 0.001). Severe acute kidney injury defined 

as was defined as stage 2 and 3 on a modified Kidney Disease: Improving Global 

Outcomes (KDIGO). The number of severe AKI was 22 out of 45 (48.9%) in 

restrictive fluid group and 23 out of 48 (47.9%) in usual care group.

Jessen et al (2022) enrolled 123 patients. At 24 h, the mean (±SD) IV crystalloid 

fluid volumes were 562 (±1076) ml versus 1370 (±1438) ml in the restrictive versus 

standard care group (mean difference –801 ml, 95% CI −1257 to −345 ml, p = 0.001). 

Severe AKI was defined as any development or worsening of acute kidney injury, 

defined as the KDIGO creatinine score > 0 compared to at randomization. The 

number was 9 out of 61 (14.8%) in restrictive fluid group and 10 out of 62 (16.1%) 
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in standard care group.

Shapiro et al (2023) enrolled 1563 patients. Resuscitation therapies that were 

administered during the 24-hour protocol period differed between the two groups; 

less intravenous fluid was administered in the restrictive fluid group than in the 

liberal fluid group (difference of medians, −2134 ml; 95% CI −2318 to −1949), 

whereas the restrictive fluid group had earlier, more prevalent, and longer duration 

of vasopressor use. Severe AKI was defined as initiation of renal replacement 

therapy. The number was 24 out of 738 (3.3%) in restrictive fluid group and 24 out 

of 738 (3.3%) in standard care group.
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5. List of citation of excluded potential studies and the reasons to rule out them

5.1No AKI

1)No data on the numbers of AKI patients was found in the following article. 

Communication with the corresponding author didn’t provide enough information in 

time.

[1] B. M. E. Noureldin, M. Mohamed, N. El shafei, F. A. A. Markos and R. M. S. 

Ahmed. Comparative Study between Restrictive versus Liberal Intravenous Fluid 

Administration in Severe Sepsis and Septic Shock; A Randomized Clinical Trial. 

QJM: an international journal of medicine 2023 Vol. 116 Pages i40‐i41. DOI: 

10.1093/qjmed/hcad069.093

2) The following were titles and accession numbers of the trial protocol we found in 

the literature search. The titles and abstracts convinced us the trials were focused on 

the topic concerning our study, but neither full-text nor information about AKI could 

be retrieved. The protocol containing their outcomes didn’t included indicators about 

AKI neither.

[2] An Open-label Randomized Controlled Study on the Effects of different Net 

Ultrafiltration Strategy on Fluid Balance and Prognosis in Patients with Septic Shock 

[online]. https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR 2400083804.

[3] Controlled Fluid Resuscitation Strategy in Sepsis Patient [online]. 2017. 

https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR-INR-17011928.
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[4] Restrictive Intravenous Fluids Trial in Sepsis [online]. 2017. 

https://clinicaltrials.gov/show/NCT03137446

3) No data on AKI was found in these articles’ full text.

[5] OPTImized Restrictive Strategy Targeting Non-Resuscitative FLUIDs in Septic 

Shock: pilot Study [online]. https://clinicaltrials.gov/ct2/show/NCT04947904.

[6] Optimized fluid resuscitation strategy for septic shock guided by microcirculation 

[online]. https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR2200056310.

[7] W. Zhang. Critical Care Ultrasound Goal-directed Versus Early Goal-directed 

Therapy in Septic Shock: a Randomized Controlled Study. Intensive care medicine 

experimental 2021 Vol. 9 Issue SUPPL 1. DOI: 10.1186/s40635-021-00413-8

5.2 No mortality

No data on mortality of patients was mentioned in the following articles, or in the 

outcomes planned in the trial protocol.

[8] Aung NM, Kaung M, Kyi TT, et al. The Safety of a Conservative Fluid 

Replacement Strategy in Adults Hospitalised with Malaria. PLoS One. 2015 Nov 

18;10(11):e0143062. doi: 10.1371/journal.pone.0143062. PMID: 26581060; 

PMCID: PMC4651424.

5.3 Perioperative period

The trials were conducted on patients undergoing elective surgery, and the fluid 

therapy was performed during the perioperative period.
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[9] Koers L, van Haperen M, Meijer CGF, et al. Effect of Cognitive Aids on 

Adherence to Best Practice in the Treatment of Deteriorating Surgical Patients: A 

Randomized Clinical Trial in a Simulation Setting. JAMA Surg. 2020 Jan 

1;155(1):e194704. doi: 10.1001/jamasurg.2019.4704. Epub 2020 Jan 15. PMID: 

31774483; PMCID: PMC6902237.

[10] Healy MA, McCahill LE, Chung M, et al. Intraoperative Fluid Resuscitation 
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26. PMID: 27116681.
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26255229.
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6. The GRADE results

Supplement Figure 9. The GRADE assessment results. The results demonstrated 

moderate confidence in the findings on incidence of severe AKI, as well as the results 

of all second outcomes except the ICU LOS, which received limited confidence. And 

the result of incidence of worse AKI was rated as of high certainty.
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7. Table of characteristics of included studies

Supplement Table 1. Characteristics of included studies

Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Meyhoff，2022

Denmark & 
Norway & 
Sweden & 
Switzerland & 
Italy & Czech 
Republic & 
United 
Kingdom & 
Belgium & 
Finland

31 1554
1798(500 to 
4366) after 90 
days

3811
(1861 to 6762) 
after 90 days

death within 90 
days after 
randomization

1.suspected or confirmed infection, a plasma 
lactate level of 2 mmol per liter (18 mg per 
deciliter) or higher, receipt of ongoing 
infusion of a vasopressor or inotropic agent, 
and receipt of at least 1 liter of intravenous 
fluids in the 24 hours before screening.13 
Patients were included if the onset of shock 
had been within 12 hours before screening.

A new episode of severe acute 
kidney injury, as defined by a 
modified kidney disease: Improving 
Global Outcomes (KDIGO) stage of 
3 on a scale ranging from 1 to 3, with 
higher stages indicating more severe 
kidney injury, and the use of a 
modified classification because 
urinary output data might not have 
been available from all patients
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Macdonald,2018 Australia & 
New Zealand 8 99

2387
(1750 to 2750),
30(32 to 39)
ml/kg from 
presentation to 
6h

3000
(2250 to 3900),
43(35 to 50) 
ml/kg from 
presentation to 
6h

Total fluid 
administered 
within 6h post 
randomization

1.Suspected infection AND 2. Systolic blood 
pressure (SBP) <100mmHg*, despite 
1000ml intravenous isotonic crystalloid 
administered over not more than 60 minutes 
AND 3. Study intervention can be 
administered within 2 hours of inclusion 
criteria being met

the Acute Kidney Injury Network 
(AKIN) criteria based upon 
creatinine data. Baseline serum 
creatinine was defined as a stable 
serum creatinine recorded in the 12 
months pre-randomization, or a 
convalescent creatinine up to 3 
months post-randomization. Where 
no baseline creatinine was available 
this was estimated using the MDRD 
formula assuming GFR 
75ml/min/1.73m2
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Hjortrup,2016 Denmark 9 151

500(0 to 2500)
for the first 5 
days, 500(0 to 
3250) during 
ICU stay after 
randomization

2000(1000 to 
4100)
for the first 5 
days,
2200(1000 to 
4750)
during ICU 
after 
randomization

the amount of 
resuscitation 
fluid in the first 5 
days after 
randomization 
and during the 
entire ICU stay

1. adult ICU(≥18yrs) 2. Sepsis defined as at 
least 2 of 4 SIRS criteria fulfilled within 24 
hours according to Society of Critical Care 
Medicine/American College of Chest 
Physicians (SCCM/ACCP) 
2.Suspected or confirmed site of infection 
OR positive blood culture 
3.Suspected or confirmed circulatory 
impairment 
(hypotension/hypoperfusion/hypovolemia) 
for no more than 12 hours including the hours 
preceding ICU admission. Circulatory 
impairment defined as at least one of the 
following: Systolic blood pressure < 90 
mmHg, heart rate > 140 beats/min, lactate ≥ 
4 mmol/l, OR use of vasopressors.
4.At least 30 ml/kg ideal bodyweight fluid 
(colloids, crystalloids or blood products) 
given in the last 6 hours 
5. Shock defined as ongoing infusion of 
noradrenaline (any dose) to maintain blood 
pressure

The KDIGO criteria (values of 
plasma creatinine were assessed in 
ICU and the use of renal replacement 
therapy in the 90 days after 
randomization; the urinary output 
criteria were not assessed). For 
patients without AKI at baseline, 
development of AKI after 
randomization was regarded as 
worsening of AKI.
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Corl,2019 America 2 109

(mean ± sd)
47.1±22.3ml/kg
of total 
resuscitation IV 
fluid

(mean ± sd)
61.1±32.0ml/kg
of total 
resuscitation IV 
fluid

30-day
all-cause 
mortality

1. Patients with severe sepsis or septic shock, 
as defined by the Sepsis 2 International 
Consensus definitions: Temperature > 38°C 
or < 36°C, heart rate of > 90/min, respiratory 
rate of >20/min or PaCO2 <32 mmHg, white 
blood cell count > 12000/mm3 or < 
4000/mm3 or >10% immature bands, with 
known or suspected infection at the time of 
enrollment.  The worst value for each 
variable is used obtained between triage time 
zero and enrollment.   2. Since over 12% of 
patients ultimately diagnosed with sepsis do 
not meet SIRS criteria,2 SIRS negative 
patients may be enrolled if the treating 
attending physician clinically diagnoses 
severe sepsis or septic shock. 3. Severe sepsis 
or septic shock is defined as refractory 
hypotension or a lactic acid>4 mmol/L. 
Refractory hypotension is a systolic blood 
pressure (SBP)<90 mmHg or a mean arterial 
pressure (MAP)<65 mmHg for 15 minutes, 
following 1000 mL of IV fluid, or any blood 
pressure maintained by vasopressor 
administration.

Doubling
in the triage creatinine
from the first recorded value during 
the study period

Semler,2019 America 1 30

mean of fluid 
from IV boluses 
of 300（560)
 in the 3 days 
after enrollment

mean of fluid
from IV boluses 
of 733(1083) 
in the 3 days 
after enrollment

mean daily fluid 
balance
(phase II) and 
ICU-free days
(phase III)

Adults (age ≥18 years) admitted to the medical 
ICU at Vanderbilt University Medical Center 
who met 2 or more criteria for systemic 
inflammatory response syndrome, were 
receiving antimicrobial therapy, and met criteria 
either for shock (defined as a mean arterial 
pressure <60 mm Hg or vasopressor receipt) or 
respiratory insufficiency (defined as receipt of 
invasive or noninvasive mechanical ventilation 
or an arterial oxygen saturation <97% while 
receiving a fraction of inspired oxygen [FiO2] 
≥0.3

The KDIGO criteria
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Douglas,2020
America & 
United 
Kingdom

13 124

Positive fluid 
balance at 72 
hours or ICU 
discharge: -
1.37L favoring 
Intervention 
arm, 0.65 ± 
2.85L Median: 
0.53L 
Intervention 
arm

Positive fluid 
balance at 72 
hours or ICU 
discharge: 2.02 
± 3.44L 
Median: 1.22L 
Usual Care arm

positive fluid 
balance at 72 
hours or ICU 
discharge, 
whichever 
occurred first.

Patients  presenting to the Emergency 
Department with sepsis or septic shock 
(defined as 2 or more systemic inflammatory 
response syndrome (SIRS) criteria and a 
suspected or documented infection) and 
anticipated ICU admission. Other inclusion 
criteria included refractory hypotension, 
(mean arterial pressure ≤ 65mmHg after 
receiving ≥ 1L and <3L of fluid) and 
enrollment within 24 hours of hospital arrival

Initiation of renal replacement 
therapy
which could be count as
KDIGO stage 3

Lindén,2024 Switzerland 6 98

6008 ml 
(interquartile 
range [IQR] 
3960–8123)

9765 ml (IQR 
6804–12,401)

the total volume 
of fluid 
administered 
within three days 
of inclusion

Adult patients (≥18 years of age) with septic 
shock (suspected/confirmed infection, 
plasma lactate>2 mmol/L and infusion of 
vasopressor to maintain MAP > 65 mmHg 
after adequate fluid resuscitation) within 12-
h of admission to the ICU and ongoing 
vasopressor therapy at the time of inclusion 
were eligible for inclusion

The KDIGO criteria

Jessen,2022 Denmark 3 123

mean (±SD) IV 
crystalloid fluid 
volumes of 562 
(±1076) ml at 
24-h after 
randomization

mean (±SD) IV 
crystalloid fluid 
volumes of 
1370 (±1438) 
ml at 24-h after 
randomization

total IV 
crystalloid fluid 
volumes at 24 h 
after 
randomization

1. unplanned ED admission; 2. age ≥ 18 
years; 3. sepsis defined as (1) infection 
suspected by the treating clinician, (2) blood 
cultures drawn, (3) IV antibiotics 
administered or planned, and (4) an 
infection- related increase in the SOFA score 
≥ 2; and 4. expected hospital stay > 24-h as 
deemed by the treating clinician

Any development or worsening of 
acute kidney injury, defined as the 
KDIGO creatinine score > 0 
compared to at randomization
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Shapiro,2023 America 60 1563

IQR 500ml 
(130 to 1097) of 
IV fluid 
administration 
after 6-h 
after 
randomization,
1267ml (555 to 
2279) after 24-h

IQR 2300ml 
(2000 to 3000)
of IV fluid 
administration
after 6-h
after 
randomization, 
3400ml (2500 
to 4495) after 
24-h

all-cause 
mortality before 
discharge home 
by day 90

Adult  patients (≥18 years of age) with a 
suspected or confirmed infection (broadly 
defined as the administration or planned 
administration of antibiotic agents) and 
sepsis-induced hypo- tension (systolic blood 
pressure, <100 mmHg after the 
administration of ≥1000 ml of intravenous 
fluid)

The KDIGO criteria
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25 Abstract

26 Objectives: Sepsis associated hypotension or shock is critical stage of sepsis, and a 

27 current clinical emergency that has high mortality and multiple complications. A new 

28 restrictive fluid resuscitation therapy has been applied, and its influence on patients’ 

29 renal function remains unclear. The purpose of this study is to evaluate the influence 

30 of restrictive fluid resuscitation on incidence of severe acute kidney injury(AKI) in 

31 adult patients with sepsis hypotension and shock compared with usual care.
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3

32 Design: Systematic review and meta-analysis using the Grades of Recommendation, 

33 Assessment, Development and Evaluation (GRADE) approach.

34 Data sources: Pubmed, Embase, Web of Science and Cochrane Library were 

35 searched through 1 November 2024.

36 Eligibility criteria: We included randomized controlled trials that compared 

37 restrictive fluid resuscitation with liberal fluid therapy on patients with sepsis 

38 associated hypotension and shock, to find out their effect on the incidence of severe 

39 acute kidney injury(AKI). Severe AKI was defined as the acute kidney injury 

40 network (AKIN) score 2 to 3 or Kidney Disease Improving Global Outcomes 

41 (KDIGO) stage of 2 and 3.

42 Data extraction and synthesis: Two independent reviewers used standardized 

43 methods to search, screen and code included trials. Risk of bias was assessed using 

44 the Cochrane Systematic Review Handbook for randomized clinical trials. Meta-

45 analysis was conducted using random effects models. Sensitivity and subgroup 

46 analyses, trial sequential analysis (TSA), plus Egger’s test and the trim-and-fill 
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4

47 method were performed. Findings were summarized in GRADE evidence profiles 

48 and synthesized qualitatively.

49 Results: 9 trials (3718 participants) were included in this research and the analysis 

50 was conducted in random effects model. There was a significant difference in the 

51 incidence of severe AKI (RR 0.88, 95%CI 0.79 to 0.97, P=0.01; I2=0%) and the 

52 duration of mechanical ventilation (Mean Difference -41.14, 95%CI -68.80 to -13.48; 

53 P=0.004; I2=74%) between patients receiving restrictive fluid resuscitation and 

54 patients receiving liberal fluid resuscitation. TSA showed that the cumulative amount 

55 of participants met the required information size (RIS), the positive conclusion had 

56 been confirmed. The GRADE assessment results demonstrated moderate confidence 

57 on incidence of severe AKI, as well as the results of all second outcomes except the 

58 ICU LOS, which received limited confidence. And the result of incidence of worse 

59 AKI was rated as of high certainty.

60 Conclusions: It is conclusive that fluid restriction strategy is superior to usual care 

61 when it comes to reducing the incidence of severe acute kidney injury in sepsis 

62 associated hypotension and shock. Shorter duration of ventilation is concerned with 
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5

63 fluid restriction as well, but the heterogeneity is substantial. GRADE assessments 

64 confirmed moderate and above certainty. Traditional fluid resuscitation therapy has 

65 the potential to be further explored for improvements to be more precise and 

66 appropriate for a better prognosis. 

67 Trial registration

68 This study was retrospectively registered at the PROSPERO (International 

69 prospective register of systematic reviews) website on 29 July 2023 and the ID was 

70 CRD42023449239.

71 Keywords: Septic shock, Restrictive fluid resuscitation, Acute kidney injury, 

72 Mortality

73 Strengths and limitations of this study

74  The search strategy ensured that the vast majority of relevant studies in the 

75 focused area were thoroughly reviewed.

76  To evaluate the heterogeneity, we conducted comprehensive subgroup and 

77 sensitivity analysis.
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78  To confirm the reliability of the results, we used various approaches such as TSA, 

79 GRADE assessments and the Egger’s test.

80  Number of included participants was a bit small, but the TSA result confirmed it 

81 has reached RIS.

82  When extracting the data, we countered some different definitions, but 

83 conducted other analysis to reduce the risk of bias.

84 Introduction

85 Septic shock is defined as a subset of sepsis in which potential circulatory, cellular, 

86 and metabolic damages are serious and profound enough to increase the risk of 

87 mortality[1]. It is a common clinical emergency characterized by refractory 

88 hypotension, hyperlactatemia and organ dysfunction, which occurs in more than 

89 230,000 US patients each year, leading to over 40000 deaths annually[2][3], and 

90 affecting millions of people around the world each year[4]. AKI is a common 

91 complication in critical ill patients with sepsis and/or septic shock[5][6]. When septic 

92 shock and AKI are present simultaneously, the mortality rate is up to nearly 50%[7]. 

93 And patients with severe AKI have a high risk of stabilizing the situation of chronic 
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94 kidney disease (CKD) or progress to complete organ failure and compulsive dialysis 

95 requirement[8][8]. This would cause serious health and financial burden on the 

96 patients. When it comes to sepsis associated hypotension and septic shock, 

97 intravenous fluid resuscitation is a very common therapy in the initial treatment. It 

98 aims to increase depleted or functionally reduced intravenous volume that occurs in 

99 sepsis owing to a vasodilated vascular network. Initial fluid therapy can augment 

100 macrovascular perfusion and microvascular perfusion and counter organ hypo-

101 perfusion[1][9]. And AKI under the circumstance of vascular changes in septic shock 

102 is more related to pre-renal factors instead of post-renal or intra-renal, specifically 

103 due to micro-vascular abnormalities sand tubular stress[3]. Therefore correction of 

104 intravascular hypovolemia is a key component of the prevention and management of 

105 AKI in septic shock as well.

106 But in the case of increased endothelial cell permeability, excessive infusion can 

107 exacerbate organ dysfunction[10]. Excessive fluid administration is believed to be 

108 associated with development and progression of AKI, so individualized fluid therapy 

109 has been taken into consideration, taking into account patients’ characteristics, origin 
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110 of patients’ kidney dysfunction and risks and benefits of fluids. Therefore, this 

111 complex situation attached great importance to the choice of fluid resuscitation. A 

112 new strategy called restrictive fluid strategy, which is a resuscitating therapy of lower 

113 volumes of fluid and earlier initiation of vasopressor agents, are to be taken into 

114 consideration. But there is still insufficient evidence to make a recommendation on 

115 the use of restrictive or liberal fluid strategies in patients with sepsis associated 

116 hypotension and shock who still have sighs of hypo-perfusion and volume depletion 

117 after initial resuscitation[9]. A resent pilot multicenter, randomized, controlled trial 

118 of critically ill patients with AKI proved that a restrictive fluid management regimen 

119 was feasible[12]. Although whether restrictive fluid therapy has a positive impact on 

120 septic patients’ kidney function is not supported by strong evidence, it is commonly 

121 believed that fluid overload has deleterious impact on renal function balance.

122 The impact restrictive fluid resuscitation therapy has on the incidence of severe AKI 

123 may lay out some priority. When combined with severe kidney dysfunction, the 

124 mortality and ICU length of stay of patients with higher AKIN score all rise 

125 significantly comparing to patients with lower AKIN score, whether the patients had 
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126 sepsis or not[13]. It is a much more serious and emergent situation of the kidney 

127 function of the patients that needs urgent recognition and treatment. As intravenous 

128 fluid and vasopressor application both have an impact on the patients’ organ and 

129 tissue perfusion, the renal situation should be taken into consideration. 

130 A large-scale randomized controlled trial (RCT) conducted by Meyhoff et al.[14] has 

131 shown that little statistical difference was found in the incidence of AKI in sepsis 

132 patients undergoing restrictive fluid resuscitation therapy. This study, with its robust 

133 design and large sample size, has provided valuable insights into the safety of 

134 restrictive fluid management. However, it is only one study within a broader and 

135 more complex clinical context. There is a critical need to synthesize evidence from 

136 other relevant studies to determine whether the findings are consistent across 

137 different populations, settings, and methodologies. A comprehensive meta-analysis 

138 can provide a more definitive understanding of the impact of this fluid strategy. 

139 This meta-analysis is conducted in the aim of resolving the existing uncertainties and 

140 investigating the effect of the restrictive fluid resuscitation strategy on the occurrence 
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141 of severe acute kidney injury in adult patients with sepsis associated hypotension and 

142 septic shock.

143 Materials and methods

144 This study was performed according to the PRISMA (Preferred Reporting Items for 

145 Systematic Reviews and Meta-Analyses) statement methodology[15], a systematic 

146 review and meta-analysis of randomized clinical trials. The study was registered at 

147 the PROSPERO (International prospective register of systematic reviews) website 

148 and the ID was CRD42023449239.

149 Patient and public involvement

150 As this is a systematic review and meta-analysis, we completed this research by 

151 searching papers through Internet, extracting relevant data from included trials and 

152 working on the data statistically. No patients or public involvement were involved in 

153 this research directly.

154 Search strategy and selection of studies

155 A literature search of PubMed, Web of science, Embase and Cochrane library was 

156 undertaken to identify randomized clinical trials. The searches were last updated on 
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157 1 November 2024. The search terms used were “acute kidney injury” or “acute 

158 kidney failure” or “acute renal failure” or “continuous renal replacement therapy” or 

159 “blood purification therapy” or “mortality”, and “restrictive fluid” or “resuscitation”. 

160 The search and reviewing of all the articles were conducted by two reviewers (XEC 

161 and XTC) independently. When encountered disagreements, a third reviewer (WTL) 

162 would provide a suggestion.

163 Title and abstract screening was conducted for all relevant studies and potentially 

164 relevant records were thoroughly read. The inclusion criterions were as follows: 1) 

165 the research was limited to randomized clinical trials only, 2) studies conducted on 

166 adult patients (≥18 years) who were diagnosed as septic shock, 3) trials where the 

167 intervention assessed was restrictive fluid resuscitation therapy or conservative fluid 

168 strategy versus liberal or conventional fluid resuscitation, 4) studies that contained 

169 the data of numbers of patients who countered AKI, or the mortality. Trials with the 

170 following features were excluded: 1) studies enrolling pregnant patients, 2) studies 

171 in which most patients had systematic inflammatory response syndrome secondary 

172 to other causes such as burn or pancreatitis without a clear sepsis subgroup, 3) studies 
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173 that focused on patients undergoing elective surgery, or the therapy was carried out 

174 during perioperative period[16][17]. No date, publication status, languages or 

175 predefined outcome restriction were applied.

176 Data extraction and Synthesis

177 In this meta-analysis, primary outcome was severe AKI which was defined as acute 

178 kidney injury network (AKIN)[18] score 2 to 3 or Kidney Disease Improving Global 

179 Outcomes (KDIGO)[19] stage of 2 and 3[20]. Data including primary outcome were 

180 extracted by two reviewers (XEC and XTC). If there were disagreements, a discussion 

181 was performed with another reviewer (WTL). 

182 Titles and abstract of all reports identified in the literature searches were screened 

183 for further review. The data collected form each study included 1) general 

184 information (author, year, study design), 2) characteristics of the participants 

185 (including gender, age, inclusion and exclusion criteria, initial places where they 

186 stayed before admitted into ICU and randomization, and the diagnosis criterions and 

187 diagnosing time point of septic shock), 3) outcomes, with primary outcome 

188 determined as incidence of severe AKI (with clear clarification of numbers of 
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189 patients of AKIN score 2 and 3, or KDIGO stage 2 and 3) and secondary outcomes 

190 as clinical outcomes including overall mortality (when there was more than one 

191 indicator concerning with the mortality of all participants at different times, the 

192 mortality of the longest period would be prioritized for inclusion in the meta-

193 analysis), ICU LOS, the incidence of worse AKI (defined as higher stages of KDIGO 

194 criterion or higher scores of AKIN), and duration of ventilation.

195 When countering missing data, the author tent to contact authors of the relevant 

196 studies, and searched for other paper of the same trial. The reference lists of included 

197 randomized clinical trials were reviewed for additional trials meeting eligibility 

198 criteria.

199 Dichotomous variables were expressed as counts and proportions. Means and 

200 standard deviations (SDs) were used to describe normally distributed continuous 

201 variables. Because the ICU length of stay and ventilation time were not normally 

202 distributed, all studies involving the data reported the ICU LOS and duration of 

203 ventilation by using the median and the first and third quartiles. We estimated the 
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204 sample mean and standard deviation (SD) value based on the method of mean 

205 variance estimation presented by the Hong Kong Baptist University[21][22][23][24].

206 Study quality and risk of bias assessment

207 The risk of bias was assessed for each outcome in all included studies using the 

208 Cochrane Systematic Review Handbook for randomized clinical trials. The 9 studies 

209 were assessed as being at low, uncertain or high risk of bias for each of 6 domains. 

210 The internal validity of the included studies was assessed according to the Cochrane 

211 Collaboration methodology (the Cochrane Risk of Bias tool), which consists of 6 

212 domains[25]. The results were output by using the Review Manager((RevMan) 

213 [Computer program]. Version 5.4. The Cochrane Collaboration, 2020.) software, 

214 which was applied in the statistical analysis as well. Two reviewers assessed study 

215 quality independently (XEC & XTC). If there were disagreements, a discussion was 

216 performed with another reviewer (WTL). 6 aspects were performed for assessing the 

217 risk of bias, including allocation concealment, random sequence generation, blinding, 

218 incomplete outcome data, selective reporting and other bias. Publication bias was 

219 evaluated by visual inspection of a funnel plot, and further checked by the Egger 
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220 linear regression test and a nonparametric trim-and-fill method[26], which was done 

221 by the R software (version 4.4.1) formally known as the R Project for Statistical 

222 Computing.

223 Outcome measures

224 The primary outcome was the incidence of severe AKI of all participants. Key 

225 secondary outcomes were all-cause mortality at the latest time of follow-up, ICU 

226 LOS, duration of ventilation and the full amount of patients developing worse AKI 

227 comparing to the situation of their first admission into the hospital. 

228 Analysis

229 The meta-analysis was carried out by using a random effects model for outcomes for 

230 which two or more randomized studies were available. The results of outcomes were 

231 reported in the form of narrative and graphs. We used Risk Ratio(RR) with 95%CI 

232 for dichotomous outcomes (incidence of severe AKI, incidence of worse AKI, 

233 mortality) and Mean Difference(MD) with 95%CI for continuous outcomes (ICU 

234 LOS, duration of ventilation) to estimate the pooled effects. In all analyses, P<0.05 

235 was considered significant, and statistically significant.
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236 For key outcomes, we assessed the quality of evidence using the Grades of 

237 Recommendation, Assessment, Development and Evaluation(GRADE) 

238 approach[27]. 

239 The heterogeneity of these 9 studies was measured by the I2 which describes the 

240 percentage of total variation across studies that is due to heterogeneity rather than 

241 chance. A value of 0% indicates that no heterogeneity is observed, 25%, 50%, and 

242 75% represent low, moderate, and high levels of heterogeneity respectively[28].

243 A sensitivity analysis was performed by removing one study at a time to determine 

244 whether a specific trial had a higher contribution to the heterogeneity. 

245 Simultaneously we tested the analysis by including high-quality researches only to 

246 see if the results changed utterly[14][29][30][31]. Subgroup analysis was carried out 

247 to see if the following factors contributed to the result: enrolling patients with an 

248 average age ≥70 years or <70 years, places where the patients were admitted from 

249 (the emergency department (ED) only, or places including ED, hospital wards, the 

250 operation room (OR), and other ICU). 
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251 A trial sequential analysis (TSA) was performed to estimate the optimal sample size 

252 to reach a plausible conclusion on the research. We used Trial Sequential Analysis 

253 (TSA) [Computer program]. Version 0.9.5.10 Beta. The Copenhagen Trial Unit, 

254 Centre for Clinical Intervention Research, The Capital Region, Copenhagen 

255 University Hospital – Rigshospitalet, 2021. Statistical significance was set at a P-

256 value of 0.05.

257 Results

258 The search was conducted up to 1 November 2024. And the process of the search of 

259 literature is summarized and presented in Figure 1. A total of 7249 studies were 

260 retrieved from 4 databases and screened title and abstract for potential relevant 

261 researches. 2462 of records were removed for duplication first. 4787 records were 

262 identified as ineligible or irrelevant, leaving 90 records for full-text review. 9 studies 

263 met criteria for inclusion and were included in the quality assessment. At the end, all 

264 9 randomized clinical trials were included into this meta-analysis covering 3718 

265 participants. Details of the selection process were shown in Figure 1. 

266 Description of included randomized trials
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267 Sample sizes ranged from 29 to 1563. Three studies took place in the United State of 

268 America(USA), two in Denmark, one in Switzerland, one in Australia and New 

269 Zealand, one in the USA and United Kingdom. And one study took place in 

270 worldwide. All trials were conducted on adult patients and no pregnant patients were 

271 included. All 9 studies evaluated patients with septic shock. Further characteristics 

272 of the 9 chosen RCTs were summed up in Supplement Table 1. No heterogeneity 

273 was observed in these RCTs.

274 The overall quality of included RCTs was shown in Figure 2. The use of random 

275 sequence generation and allocation concealment and the risk of reporting bias were 

276 unclear in a number of studies. Confounding by indication and time-dependent 

277 exposure might have biased the studies[14].

278 Assessment of the risk of bias was summarized in Figure 2. Among the 9 RCTs, 

279 none of the trials were double blinded. The allocation may be blinded for the 

280 statistician. But it was obviously impossible to blind both patients and caregivers in 

281 the medical intervention of the trials, we proposed that the outcomes may not be 
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282 influenced by a lack of blinding. One trial was classified as having an unclear risk of 

283 bias in selection reporting.

284 The incidence of severe AKI 

285 The depiction of AKI differed in 9 RCTs. But they could all come down to the 

286 criterion of AKIN score or KDIGO stage. Some defined patients who met the 

287 KDIGO stage of 1-3 as AKI[30][32], or modified the classification into stage 2 or 

288 higher, both with higher stages indicating more severe kidney injury[14]. Some 

289 chose to reflect the patients’ renal situation by the patients’ peak AKIN score[33]. 

290 Two studies reported numbers of worsening AKI, or new onset of severe AKI, which 

291 was defined as worsening of the KDIGO stage (plasma creatinine criteria or use of 

292 renal replacement therapy)[31][34]. In 2 trials the exact number of patients’ of 

293 KDIGO stage 2 and 3 was not available neither in the article nor the supplement 

294 appendix[29][35]. We extracted the numbers of patients receiving continuous renal-

295 replacement therapy (CRRT) treatment according to the information this article 

296 provided in their supplement appendix, which met the diagnostic criteria for KDIGO 

297 stage 3 or AKIN score 3. In the study conducted by Corl et al. in 2019 [36], serious 
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298 AKI was narrated as doubling in the triage creatinine within 72 hours, which could 

299 be considered as KDIGO stage 2.

300 A total of 3712 patients were analyzed for renal function. 410 of the 1864 patients 

301 analyzed in the restrictive fluid resuscitation group (22.0%)and 477 of the 1849 

302 patients analyzed in the liberal fluid resuscitation group (25.8%)were diagnosed 

303 severe AKI or evaluated as KDIGO score of 2 and 3 or reached AKIN score 2 and 3 

304 during the follow-up of the studies (RR 0.88, 95%CI 0.79 to 0.97, P=0.01; I2=0%). 

305 Obviously there was a significant difference in the incidence of acute kidney injury 

306 between patients receiving a restrictive or conservative fluid resuscitation strategy 

307 and those who received a liberal fluid resuscitation strategy or usual care therapy. 

308 The process was shown in the forest plot in Figure 3.

309 Second outcomes

310 Mortality

311 Data on all-cause mortality of the participants were available in all 9 RCTs. A total 

312 of 3813 patients were tracked down for their clinical ending at most protracted time 

313 point, including 90-day mortality in 7 RCTs[14][29][30][31][32][33][34], 60-day 
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314 mortality in one[36], and 30-day mortality in one[35]. We found no significant 

315 difference in the mortality between the restrictive fluid resuscitation group and the 

316 liberal fluid resuscitation group (RR 0.99,95%CI 0.90 to 1.08; P=0.82; I2=0%). The 

317 result of the I2 evaluation indicated that there was no heterogeneity observed. 

318 Specific data was reported by Supplement Figure 1 in supplementary appendix.

319 ICU length of stay

320 Seven RCTs reported the patients’ length of stay in ICU, of which 3 were measured 

321 in hours[30][33][36] and 4 were measured in days[14][31][32][35]. All data was 

322 extracted in the form of median and IQR and was transformed into value of mean 

323 and SD by the method proposed by the Hong Kong Baptist University. The result 

324 was shown in Supplement Figure 2, obviously no heterogeneity was detected in the 

325 trial neither (Mean Difference -0.33,95%CI -0.79 to 0.13; P=0.16; I2=0%).

326 Incidence of worse AKI

327 Data on the incidence of worse AKI were available in 3 RCTs. We analyzed the full 

328 amount of patients developing worse AKI comparing to the situation of their first 

329 admission into the hospital. It was narrated as worse situation of AKI in patients who 
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330 already suffered from AKI[31][33][34], (according to the KDIGO criteria, higher 

331 stage means worse kidney function situation), and for patients without AKI at 

332 baseline, development of AKI after randomization was regarded as worsening of 

333 AKI. The result was shown in Supplement Figure 3. No significant difference was 

334 found in the incidence of worse AKI between the restrictive fluid resuscitation group 

335 and the liberal fluid resuscitation group (RR 0.76, 95%CI 0.55 to 1.05; P=0.09; 

336 I2=0%). No heterogeneity was detected in the trial.

337 Duration of ventilation

338 3 RCTs reported the patients’ mechanical ventilation hours[33][35][36]. All data was 

339 extracted in the form of median and IQR and was transformed into value of mean 

340 and SD by the method proposed by the Hong Kong Baptist University. The result 

341 was shown in Figure 4. There was a significant statistical difference in the duration 

342 of ventilation of patients between the restrictive fluid resuscitation group and the 

343 liberal fluid resuscitation group (Mean Difference -41.14, 95%CI -68.80 to -13.48; 

344 P=0.004; I2=74%). High heterogeneity was detected in the trial.

345 Sensitivity analysis
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346 In the sensitivity analysis, we removed the studies individually to see if any of them 

347 had a larger impact on the result. And when trial conducted by Meyhoff et al.[14] 

348 was removed, the result reversed and had no statistical meaning. This indicated that 

349 this trial took a large position in the analysis. When we included only high-quality 

350 researches according to the assessments[14][29][30][31], the result remained 

351 statistically meaningful (RR 0.89, 95%CI 0.80 to 0.99; P=0.03; I2=0%). Through 

352 sensitivity analysis of the secondary outcomes, we found that high heterogeneity of 

353 the duration of ventilation was mainly related to the Corl et al.’s study[36]. When it 

354 was removed, the heterogeneity could be considered as low (Mean Difference -52.68, 

355 95%CI -73.80 to -31.56; P<0.00001; I2=9%) comparing to original analysis results. 

356 And when other 2 studies were removed individually, the value of I2 remained above 

357 75%( I2=76% or 81%).

358 Subgroup analysis

359 All 9 RCTs concluded the participants’ median age. We calculated the average age 

360 and then divided the studies into two divisions according to the criterion (<70 year 

361 versus ≥70 years). The role the initial places where the patients were admitted from 
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362 played was investigated as well. Most patients were extracted from the emergency 

363 department (ED) of the hospital[33][34][35][36]. The rest participants were admitted 

364 into the ICU from OR, hospital wards or other ICUs, especially in multicenter 

365 trials[14][29][13][30][31][32]. Simultaneously we analyzed whether these factors 

366 had an impact on the results of the incidence of severe AKI and the mortality of the 

367 patients. 

368 Results showed that there was a significant difference in the incidence of severe AKI 

369 between patients receiving restrictive fluid resuscitation in the subgroup analyzing 

370 the factor of age above 70 (RR 0.89, 95%CI 0.79 to 0.99; P=0.03; I2=0%) and the 

371 multiple initial places where the patients were admitted from (RR 0.88, 95%CI 0.80 

372 to 0.98; P=0.02; I2=0%) (Supplement Figure 4&5). This led to the indication that 

373 restrictive fluid resuscitation therapy could make an impact on the kidney function 

374 of patients over 70 years old. And when patients were admitted from not only the 

375 ED, but also the OR, hospital wards and other ICUs, they were more likely to benefit 

376 from restrictive fluid resuscitation strategy.
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377 Simultaneously, these two factors above didn’t have a connection with the mortality 

378 of the patients. No significant difference was found in the subgroup analysis. And no 

379 significant heterogeneity was detected. (Supplement Figure 6&7) 

380 Trial Sequential Analysis

381 Trial sequential analysis (TSA) was conducted to calculate the optimal required 

382 information size[37][38] (meta-analysis sample size) for our meta-analysis based on 

383 a baseline incidence rate of 45% [39][40] in the control group, a relative risk 

384 reduction of 10%, 80% of power and a type I error of 5%. TSA showed that the 

385 diversity adjusted RIS was 3711 which was less than that in our study (n=3718). Trial 

386 sequential adjusted 95% CI of RR was 0.79 to 0.97 in the fixed effects model, and 

387 0.87 to 0.88 in the random effects model. The Begg-Tang random effects model was 

388 applied to test the reliability of the result[41]. The results were showed in Figure 5. 

389 The Z-curve surpassed the conventional boundary and the trial sequential monitoring 

390 boundary both for benefit, indicating that the result was reliable and the accuracy 

391 was testified. The cumulative amount of participants met the RIS line, this positive 

392 conclusion had been confirmed.
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393 Quality of evidence

394 We assessed the quality of evidence using the GRADE approach (Supplement 

395 Figure 9). The results demonstrated moderate confidence in the findings on 

396 incidence of severe AKI, as well as the results of all second outcomes except the ICU 

397 LOS, which received limited confidence. And the result of incidence of worse AKI 

398 was rated as of high certainty.

399 Publication bias

400 We explored funnel plot, applied Egger linear regression test and the trim-and-fill 

401 method for the primary outcome (Supplement Figure 8). The result showed a P-

402 value of 0.3929 (P>0.05), meaning that no significant publication bias was detected.

403 Discussion

404 This study focused on the influence of the up-to-date restrictive fluid resuscitation 

405 therapy on the incidence of severe AKI of patients under such circumstance, which 

406 was a topic that little previous studies had ever discussed. And we found that though 

407 restricted fluid resuscitation therapy doesn’t improve the overall mortality, it did 

408 have a strong connection with lower incidence of severe AKI, indicating that it is 
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409 associated with less degeneration of patients’ renal function. Thus, we provided new 

410 evidence for the need of more individual and specialized fluid resuscitation therapy 

411 for patients with sepsis hypotension and septic shock.

412 This meta-analysis focused on a neglected topic, included more participants from other 

413 countries and centuries, and the specific measures of the intervention were also different. 

414 This gave our research unique strengths, such as more comprehensive included studies, 

415 different focusing prognosis, certain results and conclusion. Various analysis was 

416 conducted to confirm the certainty of the results. The TSA results has confirmed that 

417 the result is reliable, and when it comes to decreasing the incidence of severe AKI in 

418 sepsis associated hypotension and shock, restrictive fluid resuscitation is superior to 

419 usual care therapy.

420 Occurrence of AKI remains one of the major causes of mortality in sepsis associated 

421 hypotension and septic shock. Kidney injuries may contribute to long-term effects 

422 such as secondary episodes of sepsis and multiple organ dysfunction syndrome 

423 (MODS)[42]. It is of vital significance that we determine the optimal fluid 

424 resuscitation strategy and the volume of intravenous fluid for critically ill patients. 
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425 Previous studies[31][43][44] proposed that it may benefit the patients’ renal function, 

426 by the strict condition that optimal kinds of fluid and volumes were applied. Our 

427 study arrived in the conclusion that lays with this finding. Fluid resuscitation need to 

428 be sufficient, but must be in a controlled fashion and be carried out under dynamic 

429 assessment monitoring of patients’ volume situation[45]. Volumes of intravenous 

430 resuscitation fluids directly ameliorate the tissue and organ perfusion, along with 

431 vasopressors, the treatment hold a profound meaning for the safety of organs and the 

432 resuscitating process. Excessive volume load will lead to increased renal venous 

433 pressure, leading to renal interstitial edema, thus decreasing the renal tissue perfusion. 

434 And volume overload will lead to an increase in central venous pressure, which leads 

435 to the obstruction of renal venous reflux and decrease of renal perfusion. In addition, 

436 severe overload is concerned with an increase in intra-abdominal pressure, which 

437 leads to increased renal venous pressure and decreased renal blood flow. This will 

438 increase the pressure in the glomerular balloon cavity, leading to worsening AKI[46]. 

439 Thus, too rapid and aggressive fluid resuscitation strategy could potentially burden 

440 cardiac and renal function, creating an underlying danger to the precarious physical 
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441 condition of patients with septic shock. The pace of providing intravenous fluids in 

442 the beginning time should not be neglected. Simultaneously, we found that restriction 

443 on fluid volume is associated with decrease in patients’ duration of mechanical 

444 ventilation. This indicated benefit of the participants’ pulmonary function. Less 

445 hours of mechanical ventilation on the patients not only induces less complications 

446 like ventilator-associated pneumonia (VAP)[47], but also has economic benefits. 

447 High heterogeneity was found between the included 3 trials, which is mainly related 

448 to the Corl et al. ’s study[36]. It was likely to be concerned with less centers of the 

449 study, its more complicated septic shock inclusion criterion compared with the other 

450 2 studies and higher intravenous fluid volume of the restrictive fluid group 

451 (Supplement Table 1). The general economic assessment was not taken into 

452 consideration, which future trials should incorporate. 

453 Subgroup analysis also showed that the influence of restrictive fluid resuscitation 

454 strategy was especially obvious on patients with an elderly age of over 70. This may 

455 be for the reason that the aged have poor cardiopulmonary function and a narrow 

456 volume window. In the presence of septic shock, it is likely that vasoplegia plays an 
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457 important role in the volume responsiveness assessment. And elder patients’ vascular 

458 wall elasticity decreases, leading to a decrease in their ability to respond to variety in 

459 circulating volume. When patients are admitted from not only the ED, but also other 

460 places such as the OR and hospital wards, they generally possess longer hospital stay 

461 period and more complicated symptoms. Restriction on their resuscitation fluids may 

462 be beneficial for their renal function.

463 The initial causes of septic shock differed in all participants, and for the sake of 

464 patients’ safety and to promote the stabilization of patients’ vital signs, caregivers all 

465 adapted an initial treatment before randomization and admission into the ICU or 

466 emergency department. The treatments aimed to delay the progression of the disease. 

467 And all patients included into the RCTs had undergone a similar initial resuscitation 

468 treatment. Four trials included in this analysis followed the surviving sepsis 

469 campaign bundle which was updated in 2018[48], and gave their participants an 

470 initial fluid volume of 30ml/kg[14][31][35][36]. One trial clear limited the initial 

471 infusion of restricted fluid protocol to 1000ml as long as the patients’ vital signs had 

472 stabled[29]. The other four didn’t mention whether the intervention included an 
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473 initial resuscitation fluid volume[30][32][33][34]. So, the amount of resuscitation 

474 fluid can be recognized as sufficient. In all 9 RCTs, 7 of which applied 

475 norepinephrine, or to say noradrenaline[14][29][30][31][32][33][35], and two was 

476 unclear[34][36]. The timeframe the intervention fluid therapy lasted differed 

477 extremely in these trials. Three were within the first 24-h period[29][30][34], two 

478 were 72-h[35][36], and the rest were 6-h post randomization[33], 5 days[31] and 14 

479 days[32] individually. The patients received the assigned intervention from the time 

480 of randomization until they were discharged from the ICU, for a maximum of 90 

481 days[14]. There was also difference of original countries they took place in, number 

482 of patients, difference of their septic shock inclusion criterion and difference of the 

483 details of their intervention. The publication bias of these studies and the lasting 

484 period of intervention strategy also had an influence. All these factors may attribute 

485 to the heterogeneity measured by the I2 trial.

486 Through the study, few evidences were found to definite that the fluid restriction 

487 strategy has any influence on the patients’ mortality and ICU LOS. This may be 

488 because the original infection differed among all the participants, leading to a much-
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489 complicated subject to compare the ending of all patients. And ICU LOS is a 

490 multifactorial indicator and is very dependent on the patients’ condition. Most 

491 participants in the studies relied on life-support instruments, exclusively available in 

492 the ICU early stages of treatment.

493 The sensitivity analysis indicated that the trial conducted by Meyhoff et al.[14] took a 

494 large position in the analysis. This phenomenon had a lot to do with its number of 

495 participants and the long duration of the intervention means. The results of this meta-

496 analysis were confirmed by various analysis, and adding other studies provided more 

497 comprehensive insights into this topic. 

498 Results of the GRADE assessments were 1 with high certainty (incidence of worse 

499 AKI), 3 with moderate certainty (incidence of severe AKI, mortality, duration of 

500 ventilation), and 1 with low certainty (ICU LOS). The uncertainty mainly came from 

501 the risk of bias and the imprecision of the included studies. The more studies were 

502 involved, the higher risk of bias we saw. The consistency and directness were all 

503 ensured in every trial. But when it came to data concerned with time duration or time 

504 period, the imprecision was assessed as serious. The heterogeneity and different 
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505 extraction time nodes of each factor in different trials may also be relevant to the 

506 assessments.

507 Due to lack of data and corresponding issue, some data about severe AKI was 

508 represented by numbers of initiation of RRT, which may deviate from the actual results 

509 in reality. Unpublished data or data reported in abstract form was not included, which 

510 may lead to publication bias. There was little evidence supporting that fluid restriction 

511 strategy affects patients' mortality and ICU length of stay. This could be due to 

512 differences in the initial causes of infection among all patients, making outcome 

513 comparisons complex. The risk of bias of the included trials existed, but the quality of 

514 the results remained reliable, examining by aforementioned analysis. If any relevant 

515 required data are available, we will immediately include them in this analysis as 

516 supplement. The numbers of included participants may be a bit small, but this meta-

517 analysis strictly included only trials focusing on restrictive fluid resuscitation. And the 

518 result of TSA had made sure the sample size reached the RIS. The difference in duration 

519 of restrictive fluid resuscitation therapy of these included trials may play an important 

520 role in the heterogeneity. Sensitivity analysis showed the result heavily relied on the 
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521 Meyhoff study. But as narrated before, this analysis had its own irreplaceable strength. 

522 And TSA showed promise in the primary outcome. 

523 Conclusion

524 It is conclusive that fluid restriction strategy is superior to usual care when it comes to 

525 reducing the incidence of severe acute kidney injury in sepsis associated hypotension 

526 and shock. Shorter duration of ventilation is concerned with fluid restriction as well, 

527 but the heterogeneity is substantial. GRADE assessments confirmed moderate and 

528 above certainty. Traditional fluid resuscitation therapy has the potential to be further 

529 explored for improvements to be more precise and appropriate for a better prognosis.

530 List of abbreviations

531 AKI: Acute kidney injury; RCT: randomized controlled trial; ICU: Intensive care unit; 

532 TSA: trial sequential analysis; LOS: length of stay; RRT: renal-replacement therapy; 

533 RR: relative risk; CI: confidence interval; SD: standard deviation; MD: mean difference; 

534 ED: emergency department; OR: operation room; KDIGO: kidney disease improving 

535 global outcomes; RIS: required information size; MODS: multiple organ dysfunction 
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536 syndrome; GRADE: Grades of Recommendation, Assessment, Development and 

537 Evaluation
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750 Figures legends

751 Figure 1. The process of literature search

752 Figure 2. Risk of bias summary for each included study. Red(-)indicates high risk 

753 of bias; yellow(?) indicates unclear risk of bias; green(+) indicates low risk of bias.
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754 Figure 3. Forest plot for primary outcome of the incidence of severe AKI. It 

755 illustrates the result of restrictive or conservative fluid resuscitation strategy versus 

756 liberal fluid resuscitation or usual care strategy.

757 Figure 4. Forest plot for second outcome of the duration of ventilation. It shows 

758 the result of restrictive fluid resuscitation strategy versus liberal fluid resuscitation 

759 strategy on the duration of ventilation of patients with septic shock.

760 Figure 5. Trial sequential analysis. TSA showed that the diversity-adjusted required 

761 information size(RIS) was 3711. The Z-curve surpassed the conventional boundary 

762 and the trial sequential monitoring boundary both for benefit, indicating that the result 

763 was reliable and the accuracy was testified. The cumulative amount of participants 

764 met the RIS line, this positive conclusion had been confirmed.

765
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Figure 1. The process of literature search 
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Figure 2. Risk of bias summary for each included study. Red(-)indicates high risk of bias; yellow(?) indicates 
unclear risk of bias; green(+) indicates low risk of bias. 
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Figure 3. Forest plot for primary outcome of the incidence of severe AKI. It illustrates the result of restrictive 
or conservative fluid resuscitation strategy versus liberal fluid resuscitation or usual care strategy. 
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Figure 4. Forest plot for second outcome of the duration of ventilation. It shows the result of restrictive fluid 
resuscitation strategy versus liberal fluid resuscitation strategy on the duration of ventilation of patients with 

septic shock. 

566x94mm (72 x 72 DPI) 

Page 54 of 91

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
n

seig
n

em
en

t S
u

p
erieu

r (A
B

E
S

)
at A

g
en

ce B
ib

lio
g

rap
h

iq
u

e d
e l

 
o

n
 Ju

n
e 11, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
16 F

eb
ru

ary 2025. 
10.1136/b

m
jo

p
en

-2024-086367 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

 

Figure 5. Trial sequential analysis. TSA showed that the diversity-adjusted required information size(RIS) 
was 3711. The Z-curve surpassed the conventional boundary and the trial sequential monitoring boundary 

both for benefit, indicating that the result was reliable and the accuracy was testified. The cumulative 
amount of participants met the RIS line, this positive conclusion had been confirmed. 
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Supplementary appendix

This supplementary appendix provides:

1. Search equation via PubMed, Embase, Web of Science, and Cochrane 

Library

2. PRISMA checklist

3. Other supplementary Figures

4. Summary of contextual factor data

5. List of citation of excluded potential studies and the reasons to rule out them

6. The GRADE results

7. Table of characteristics of included studies
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1. Search equation via PubMed, EMBASE, Medline, and Cochrane Library

Search strategies for the different databases ran on April 28,2023

PubMed (1386)

Search: ("acute kidney injury" OR "acute kidney failure" OR "acute renal failure" 

OR "continuous renal replacement therapy" OR "blood purification therapy" OR 

"mortality") AND ("restrictive fluid" OR "resuscitation")

Filters: Randomized Controlled Trial, Humans

Embase (865)

("acute kidney injury" OR "acute kidney failure" OR "acute renal failure" OR 

"continuous renal replacement therapy" OR "blood purification therapy" OR 

"mortality") AND ("restrictive" AND "fluid" AND "resuscitation")

Web of Science (1543)

(TS=("restrictive fluid") OR TS=("resuscitation")) AND TS=(("acute kidney injury" 

OR "acute kidney failure" OR "acute renal failure" OR "continuous renal 

replacement therapy" OR "blood purification therapy" OR "mortality")) 

Filters: Clinical Trial +Humans
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Cochrane Library (3455)

restrictive fluid OR resuscitation in All Text AND acute kidney injury OR acute 

kidney failure OR acute renal failure OR continuous renal replacement therapy OR 

blood purification therapy OR mortality in All Text - in Trials (Word variations have 

been searched)

The total amount of the studies are 7249 in which the duplication number is 2462, 

leading 4878 records to be screened.
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2. PRISMA checklist
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PRISMA checklist for abstract
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3. Other supplementary Figures

Supplement Figure 1. Forest plot for mortality at most protracted time point 

available

Supplement Figure 2. Forest plot for the ICU length of stay(LOS). The result 

was compared in two measurements, one in hours and one in days.

Supplement Figure 3. Forest plot for the incidence of worse AKI. 
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Supplement Figure 4. Forest plot for subgroup analysis on the influence of age 

on severe AKI. The result was focused on the influence of the factor of age on the 

incidence of severe AKI in patients in 2 group.

Supplemental Figure 5. Forest plot for the influence of initial places the patients 

were admitted into on severe AKI. This figure showed the results of the subgroup 

analysis on the influence of the initial places where the patients stayed before 

admitted into the ICU before randomization, which was focused on the incidence of 

severe AKI in patients in 2 group.
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Supplement Figure 6. Forest plot for subgroup analysis on the influence of age 

on mortality. The result was focused on the influence of the factor of age on 

mortality of patients. 

Supplemental Figure 7. Forest plot for the influence of initial places the patients 

were admitted into on mortality. This figure showed the results of the subgroup 

analysis on the influence of the initial places where the patients stayed before 

admitted into the ICU before randomization, which was focused on the mortality in 

patients in 2 group.
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Supplement Figure 8. Funnel plot for the incidence of severe AKI. The result of 

Egger linear regression test (A1) and trim-and-fill (A2) showed a P-value of 0.3929 

(P>0.05), meaning that no significant publication bias was detected.

A1. incidence of severe AKI
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A2. incidence of severe AKI(trim-and-fill)
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4. Summary of contextual factor data

For analysis of the effects of restrictive fluid resuscitation therapy on patients with 

septic shock, 9 randomized controlled trials were included into this meta-analysis. 

The studies contained a total amount of 3718 participants.

Meyhoff et al (2022) enrolled 1554 patients. During the 90-day trial in the ICU, 

excluding fluids administered with medication and nutrition, the restrictive-fluid 

group received a median of 1798 ml of intravenous fluid (interquartile range, 500 to 

4366); the standard-fluid group received a median of 3811 ml (interquartile range, 

1861 to 6762). Severe acute kidney injury was defined as a modified classification 

of stage 2 or higher according to Kidney Disease: Improving Global Outcomes 

(KDIGO) on a scale ranging from 1 to 3, with higher stages indicating more severe 

kidney injury. The incidence of severe AKI was 309 out of 748 (41.3%) in restrictive-

fluid group and 360 out of 771 (46.7%).

Macdonald et al (2018) enrolled 99 patients. Median volumes administered from 

ED arrival to 6 h post randomization were 2387 ml (30 ml/kg) in the restricted 

volume arm, and 3000 ml (43 ml/kg) in the usual care arm (p<0.001). At 24 h 

respective median cumulative volumes were 3543 ml (40 ml/kg) and 4250 ml (61 

ml/ kg), p=0.005. The incidence of severe AKI was defined as score 2 or higher 

according to patients’ peak acute kidney injury network (AKIN) score to day 7. The 

number was 16 out of 50 (32%) in restricted volume group and 16 out of 49 (32.7%) 

in usual care group.
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Hjortrup et al (2016) enrolled 151 patients. During ICU stay after randomization, 

excluding fluids administered with medication and nutrition, the fluid restriction 

group received a median of 500 ml of intravenous fluid (interquartile range, 0 to 

3250); the standard-fluid group received a median of 2200 ml (interquartile range, 

1000 to 4750), p<0.001. Severe acute kidney injury was defined as a modified 

classification of stage 2 or higher according to the KDIGO criterion. The number of 

worsening of AKI in patients was 19 out of 73 (26.0%) in fluid restriction group and 

26 out of 72 (36.1%) in standard care group.

Corl et al (2019) enrolled 109 patients. During the first 72 hours of care, the 

restrictive group received significantly less resuscitative IV fluid than the usual care 

group (47.1 vs 61.1mL/kg; p = 0.01). Severe acute kidney injury defined as a 

doubling in the triage creatinine. The number of AKI was 1 out of 55 (1.8%) in 

restrictive fluid group and 1 out of 54 (1.9%) in standard care group, p>0.99.

Semler et al (2019) enrolled 30 patients. Over the course of the trial, patients in the 

usual care group received a mean volume of fluid from IV boluses of 733 (1083) 

compared with 300 (560) in the conservative fluid management group (P=0.30). 

Severe acute kidney injury defined as was defined as stage 2 and 3 on a modified 

Kidney Disease: Improving Global Outcomes (KDIGO). The number of severe AKI 

was 6 out of 14 (42.8%) in conservative group and 10 out of 15 (66.7%) in usual care 

group.

Douglas et al (2020) enrolled 124 patients. Both arms received a similar volume of 
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resuscitation fluid prior to enrollment (2.4 ± 0.6 L Intervention arm compared to 2.2 

± 0.7 L Usual Care arm). Positive fluid balance at 72 hours or ICU discharge, was 

significantly less in the Intervention arm (-1.37L favoring Intervention arm, 0.65 ± 

2.85L Median: 0.53L Intervention arm vs. 2.02 ± 3.44L Median: 1.22L Usual Care 

arm, p=0.02). Severe AKI was defined as initiation of renal replacement therapy. The 

number was 4 out of 79 (5.1%) in restrictive fluid group and 7 out of 40 (17.5%) in 

standard care group.

Lindén et al (2024) enrolled 98 patients. Median total volume of fluid in the first 

three days, was 6008 ml (interquartile range [IQR] 3960–8123) in the restrictive fluid 

group (n = 44), and 9765 ml (IQR 6804–12,401) in the control group (n = 48); 

corresponding to a Hodges–Lehmann median difference of 3560 ml [95% 

confidence interval(CI) 1614–5302]; p < 0.001). Severe acute kidney injury defined 

as was defined as stage 2 and 3 on a modified Kidney Disease: Improving Global 

Outcomes (KDIGO). The number of severe AKI was 22 out of 45 (48.9%) in 

restrictive fluid group and 23 out of 48 (47.9%) in usual care group.

Jessen et al (2022) enrolled 123 patients. At 24 h, the mean (±SD) IV crystalloid 

fluid volumes were 562 (±1076) ml versus 1370 (±1438) ml in the restrictive versus 

standard care group (mean difference –801 ml, 95% CI −1257 to −345 ml, p = 0.001). 

Severe AKI was defined as any development or worsening of acute kidney injury, 

defined as the KDIGO creatinine score > 0 compared to at randomization. The 

number was 9 out of 61 (14.8%) in restrictive fluid group and 10 out of 62 (16.1%) 
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in standard care group.

Shapiro et al (2023) enrolled 1563 patients. Resuscitation therapies that were 

administered during the 24-hour protocol period differed between the two groups; 

less intravenous fluid was administered in the restrictive fluid group than in the 

liberal fluid group (difference of medians, −2134 ml; 95% CI −2318 to −1949), 

whereas the restrictive fluid group had earlier, more prevalent, and longer duration 

of vasopressor use. Severe AKI was defined as initiation of renal replacement 

therapy. The number was 24 out of 738 (3.3%) in restrictive fluid group and 24 out 

of 738 (3.3%) in standard care group.
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5. List of citation of excluded potential studies and the reasons to rule out them

5.1No AKI

1)No data on the numbers of AKI patients was found in the following article. 

Communication with the corresponding author didn’t provide enough information in 

time.

[1] B. M. E. Noureldin, M. Mohamed, N. El shafei, F. A. A. Markos and R. M. S. 

Ahmed. Comparative Study between Restrictive versus Liberal Intravenous Fluid 

Administration in Severe Sepsis and Septic Shock; A Randomized Clinical Trial. 

QJM: an international journal of medicine 2023 Vol. 116 Pages i40‐i41. DOI: 

10.1093/qjmed/hcad069.093

2) The following were titles and accession numbers of the trial protocol we found in 

the literature search. The titles and abstracts convinced us the trials were focused on 

the topic concerning our study, but neither full-text nor information about AKI could 

be retrieved. The protocol containing their outcomes didn’t included indicators about 

AKI neither.

[2] An Open-label Randomized Controlled Study on the Effects of different Net 

Ultrafiltration Strategy on Fluid Balance and Prognosis in Patients with Septic Shock 

[online]. https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR 2400083804.

[3] Controlled Fluid Resuscitation Strategy in Sepsis Patient [online]. 2017. 

https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR-INR-17011928.
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[4] Restrictive Intravenous Fluids Trial in Sepsis [online]. 2017. 

https://clinicaltrials.gov/show/NCT03137446

3) No data on AKI was found in these articles’ full text.

[5] OPTImized Restrictive Strategy Targeting Non-Resuscitative FLUIDs in Septic 

Shock: pilot Study [online]. https://clinicaltrials.gov/ct2/show/NCT04947904.

[6] Optimized fluid resuscitation strategy for septic shock guided by microcirculation 

[online]. https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR2200056310.

[7] W. Zhang. Critical Care Ultrasound Goal-directed Versus Early Goal-directed 

Therapy in Septic Shock: a Randomized Controlled Study. Intensive care medicine 

experimental 2021 Vol. 9 Issue SUPPL 1. DOI: 10.1186/s40635-021-00413-8

5.2 No mortality

No data on mortality of patients was mentioned in the following articles, or in the 

outcomes planned in the trial protocol.

[8] Aung NM, Kaung M, Kyi TT, et al. The Safety of a Conservative Fluid 

Replacement Strategy in Adults Hospitalised with Malaria. PLoS One. 2015 Nov 

18;10(11):e0143062. doi: 10.1371/journal.pone.0143062. PMID: 26581060; 

PMCID: PMC4651424.

5.3 Perioperative period

The trials were conducted on patients undergoing elective surgery, and the fluid 

therapy was performed during the perioperative period.
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6. The GRADE results

Supplement Figure 9. The GRADE assessment results. The results demonstrated 

moderate confidence in the findings on incidence of severe AKI, as well as the results 

of all second outcomes except the ICU LOS, which received limited confidence. And 

the result of incidence of worse AKI was rated as of high certainty.
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7. Table of characteristics of included studies

Supplement Table 1. Characteristics of included studies

Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Meyhoff，2022

Denmark & 
Norway & 
Sweden & 
Switzerland & 
Italy & Czech 
Republic & 
United 
Kingdom & 
Belgium & 
Finland

31 1554
1798(500 to 
4366) after 90 
days

3811
(1861 to 6762) 
after 90 days

death within 90 
days after 
randomization

1.suspected or confirmed infection, a plasma 
lactate level of 2 mmol per liter (18 mg per 
deciliter) or higher, receipt of ongoing 
infusion of a vasopressor or inotropic agent, 
and receipt of at least 1 liter of intravenous 
fluids in the 24 hours before screening.13 
Patients were included if the onset of shock 
had been within 12 hours before screening.

A new episode of severe acute 
kidney injury, as defined by a 
modified kidney disease: Improving 
Global Outcomes (KDIGO) stage of 
3 on a scale ranging from 1 to 3, with 
higher stages indicating more severe 
kidney injury, and the use of a 
modified classification because 
urinary output data might not have 
been available from all patients
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Macdonald,2018 Australia & 
New Zealand 8 99

2387
(1750 to 2750),
30(32 to 39)
ml/kg from 
presentation to 
6h

3000
(2250 to 3900),
43(35 to 50) 
ml/kg from 
presentation to 
6h

Total fluid 
administered 
within 6h post 
randomization

1.Suspected infection AND 2. Systolic blood 
pressure (SBP) <100mmHg*, despite 
1000ml intravenous isotonic crystalloid 
administered over not more than 60 minutes 
AND 3. Study intervention can be 
administered within 2 hours of inclusion 
criteria being met

the Acute Kidney Injury Network 
(AKIN) criteria based upon 
creatinine data. Baseline serum 
creatinine was defined as a stable 
serum creatinine recorded in the 12 
months pre-randomization, or a 
convalescent creatinine up to 3 
months post-randomization. Where 
no baseline creatinine was available 
this was estimated using the MDRD 
formula assuming GFR 
75ml/min/1.73m2
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Hjortrup,2016 Denmark 9 151

500(0 to 2500)
for the first 5 
days, 500(0 to 
3250) during 
ICU stay after 
randomization

2000(1000 to 
4100)
for the first 5 
days,
2200(1000 to 
4750)
during ICU 
after 
randomization

the amount of 
resuscitation 
fluid in the first 5 
days after 
randomization 
and during the 
entire ICU stay

1. adult ICU(≥18yrs) 2. Sepsis defined as at 
least 2 of 4 SIRS criteria fulfilled within 24 
hours according to Society of Critical Care 
Medicine/American College of Chest 
Physicians (SCCM/ACCP) 
2.Suspected or confirmed site of infection 
OR positive blood culture 
3.Suspected or confirmed circulatory 
impairment 
(hypotension/hypoperfusion/hypovolemia) 
for no more than 12 hours including the hours 
preceding ICU admission. Circulatory 
impairment defined as at least one of the 
following: Systolic blood pressure < 90 
mmHg, heart rate > 140 beats/min, lactate ≥ 
4 mmol/l, OR use of vasopressors.
4.At least 30 ml/kg ideal bodyweight fluid 
(colloids, crystalloids or blood products) 
given in the last 6 hours 
5. Shock defined as ongoing infusion of 
noradrenaline (any dose) to maintain blood 
pressure

The KDIGO criteria (values of 
plasma creatinine were assessed in 
ICU and the use of renal replacement 
therapy in the 90 days after 
randomization; the urinary output 
criteria were not assessed). For 
patients without AKI at baseline, 
development of AKI after 
randomization was regarded as 
worsening of AKI.
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Corl,2019 America 2 109

(mean ± sd)
47.1±22.3ml/kg
of total 
resuscitation IV 
fluid

(mean ± sd)
61.1±32.0ml/kg
of total 
resuscitation IV 
fluid

30-day
all-cause 
mortality

1. Patients with severe sepsis or septic shock, 
as defined by the Sepsis 2 International 
Consensus definitions: Temperature > 38°C 
or < 36°C, heart rate of > 90/min, respiratory 
rate of >20/min or PaCO2 <32 mmHg, white 
blood cell count > 12000/mm3 or < 
4000/mm3 or >10% immature bands, with 
known or suspected infection at the time of 
enrollment.  The worst value for each 
variable is used obtained between triage time 
zero and enrollment.   2. Since over 12% of 
patients ultimately diagnosed with sepsis do 
not meet SIRS criteria,2 SIRS negative 
patients may be enrolled if the treating 
attending physician clinically diagnoses 
severe sepsis or septic shock. 3. Severe sepsis 
or septic shock is defined as refractory 
hypotension or a lactic acid>4 mmol/L. 
Refractory hypotension is a systolic blood 
pressure (SBP)<90 mmHg or a mean arterial 
pressure (MAP)<65 mmHg for 15 minutes, 
following 1000 mL of IV fluid, or any blood 
pressure maintained by vasopressor 
administration.

Doubling
in the triage creatinine
from the first recorded value during 
the study period

Semler,2019 America 1 30

mean of fluid 
from IV boluses 
of 300（560)
 in the 3 days 
after enrollment

mean of fluid
from IV boluses 
of 733(1083) 
in the 3 days 
after enrollment

mean daily fluid 
balance
(phase II) and 
ICU-free days
(phase III)

Adults (age ≥18 years) admitted to the medical 
ICU at Vanderbilt University Medical Center 
who met 2 or more criteria for systemic 
inflammatory response syndrome, were 
receiving antimicrobial therapy, and met criteria 
either for shock (defined as a mean arterial 
pressure <60 mm Hg or vasopressor receipt) or 
respiratory insufficiency (defined as receipt of 
invasive or noninvasive mechanical ventilation 
or an arterial oxygen saturation <97% while 
receiving a fraction of inspired oxygen [FiO2] 
≥0.3

The KDIGO criteria
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Douglas,2020
America & 
United 
Kingdom

13 124

Positive fluid 
balance at 72 
hours or ICU 
discharge: -
1.37L favoring 
Intervention 
arm, 0.65 ± 
2.85L Median: 
0.53L 
Intervention 
arm

Positive fluid 
balance at 72 
hours or ICU 
discharge: 2.02 
± 3.44L 
Median: 1.22L 
Usual Care arm

positive fluid 
balance at 72 
hours or ICU 
discharge, 
whichever 
occurred first.

Patients  presenting to the Emergency 
Department with sepsis or septic shock 
(defined as 2 or more systemic inflammatory 
response syndrome (SIRS) criteria and a 
suspected or documented infection) and 
anticipated ICU admission. Other inclusion 
criteria included refractory hypotension, 
(mean arterial pressure ≤ 65mmHg after 
receiving ≥ 1L and <3L of fluid) and 
enrollment within 24 hours of hospital arrival

Initiation of renal replacement 
therapy
which could be count as
KDIGO stage 3

Lindén,2024 Switzerland 6 98

6008 ml 
(interquartile 
range [IQR] 
3960–8123)

9765 ml (IQR 
6804–12,401)

the total volume 
of fluid 
administered 
within three days 
of inclusion

Adult patients (≥18 years of age) with septic 
shock (suspected/confirmed infection, 
plasma lactate>2 mmol/L and infusion of 
vasopressor to maintain MAP > 65 mmHg 
after adequate fluid resuscitation) within 12-
h of admission to the ICU and ongoing 
vasopressor therapy at the time of inclusion 
were eligible for inclusion

The KDIGO criteria

Jessen,2022 Denmark 3 123

mean (±SD) IV 
crystalloid fluid 
volumes of 562 
(±1076) ml at 
24-h after 
randomization

mean (±SD) IV 
crystalloid fluid 
volumes of 
1370 (±1438) 
ml at 24-h after 
randomization

total IV 
crystalloid fluid 
volumes at 24 h 
after 
randomization

1. unplanned ED admission; 2. age ≥ 18 
years; 3. sepsis defined as (1) infection 
suspected by the treating clinician, (2) blood 
cultures drawn, (3) IV antibiotics 
administered or planned, and (4) an 
infection- related increase in the SOFA score 
≥ 2; and 4. expected hospital stay > 24-h as 
deemed by the treating clinician

Any development or worsening of 
acute kidney injury, defined as the 
KDIGO creatinine score > 0 
compared to at randomization
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Study, Year
(Reference) Country Centers, 

n
Participants, 
n

Fluid volume of 
restrictive or 
conservative 
resuscitation 
strategy, ml

Fluid volume of 
liberal 
resuscitation 
strategy or 
usual care, ml

Primary outcome Septic shock inclusion criterion AKI diagnosis criterion

Shapiro,2023 America 60 1563

IQR 500ml 
(130 to 1097) of 
IV fluid 
administration 
after 6-h 
after 
randomization,
1267ml (555 to 
2279) after 24-h

IQR 2300ml 
(2000 to 3000)
of IV fluid 
administration
after 6-h
after 
randomization, 
3400ml (2500 
to 4495) after 
24-h

all-cause 
mortality before 
discharge home 
by day 90

Adult  patients (≥18 years of age) with a 
suspected or confirmed infection (broadly 
defined as the administration or planned 
administration of antibiotic agents) and 
sepsis-induced hypo- tension (systolic blood 
pressure, <100 mmHg after the 
administration of ≥1000 ml of intravenous 
fluid)

The KDIGO criteria
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