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Abstract

Background

Subcutaneous (SC) hydration is a valuable method for treating dehydration in the very old

patients. Data are absent on the absorption rate, and the availability of SC infused fluid in

the circulation in this group of patients where SC hydration is particularly relevant.

Methods

We performed an explorative study on ill very old (range 78–84 years old) geriatric patients

with comorbidities who received an SC infusion of 235 ml isotonic saline containing a tech-

netium-99m pertechnetate tracer. The activity over the infusion site was measured using a

gamma detector to assess the absorption rate from the SC space. The activity was mea-

sured initially every 5 minutes, with intervals extended gradually to 15 minutes. Activity in

blood samples and the thyroid gland was measured to determine the rate of availability in

the circulation.

Results

Six patients were included. The mean age was 81 years (SD 2.1), the number of comorbidi-

ties was 4.6 (SD 1.3), and the Tilburg frailty indicator was 3.8 (SD 2.4). When the infusion

was completed after 60 minutes, 53% (95% CI 50–56%) of the infused fluid was absorbed

from the SC space, with 88% (95% CI 86–90%) absorbed one hour later. The absorption

rate from the SC space right after the completion of the infusion was 127 ml/h (95% CI 90–

164 ml/h). The appearance of the fluid into the blood and the thyroid gland verified the trans-

fer from SC to circulation.

Conclusion

This first explorative study of absorption of SC infused fluid in the very old found an accept-

able amount of fluid absorbed from the SC space into the circulation one hour after infusion

had ended. Results are uniform but should be interpreted cautiously due to the low sample

size.
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Trial registration

ClinicalTrials.gov Identifier: NCT04536324.

Introduction

Dehydration is a herald of death [1, 2], and adequate fluid therapy is an important aspect of

treating the older adult. Subcutaneous (SC) hydration is a safe and easy-to-apply method for

parenteral fluid therapy recommended to treat mild dehydration and patients at risk of dehy-

dration [3–5]. Previous studies have examined the absorption of SC hydration using radioiso-

topes to track fluid movement in younger adults [6] and healthy adults over 65 years [7, 8].

The studies found that absorption of the infused fluid was almost complete 60 minutes after

the end of the infusion. However, SC hydration therapy is rarely relevant in healthy individu-

als, while it is useful in our older patients with concurrent comorbidities, poor physiological

reserve, and few routes of pharmacological administration.

With SC hydration, the fluid is absorbed from the SC space into the capillaries through pas-

sive diffusion [9]. However, it has been shown that there is an increased leak from the capillar-

ies during acute illness, potentially reducing their ability to absorb SC infused fluid [10].

Furthermore, albumin is the main osmotic component pulling the fluid into the capillaries

[11]. Albumin is often reduced in the ill geriatric patient where SC hydration is relevant

because of acute illness or malnutrition. Both of these physiological changes occur with

advanced age and acute illness. However, the influence of these changes on the absorption rate

and how complete the absorption is remains unknown for the ill geriatric patient with

multimorbidity.

This led us to perform an explorative study on the ill, very old patients admitted to the hos-

pital to estimate the time from infusion to availability in the circulation displayed as a fraction

of the infused fluid found in the circulation in a clinically relevant population. We aimed to

elucidate when SC hydration could be relevant and potentially guide clinicians in planning the

older patient’s hydration treatment.

Methods

The study was approved by the local Committee on Health Research Ethics (Project ID: N–

20200010) and was registered on Clinicaltrials.gov (NCT04536324). The study was conducted

at Aalborg University Hospital, Aalborg, Denmark. The study was initially planned as a case-

control study where the primary outcome was the difference between the absorption rate of ill

versus non-ill older adults. We only completed the study on ill patients due to time limitations,

restrictions from the COVID-19 pandemic, and our included patients’ frailty. This paper

reports all the secondary outcomes planned as registered on Clinicaltrials.gov.

Participants

We recruited patients admitted to the local geriatric ward as a convenience sample. The study

was designed to ensure the recruitment of a population where SC hydration is appropriate to

support the study’s clinical relevance and external validity [12].

Inclusion criteria were age above 75 years and ability to give informed consent. The capac-

ity to provide informed consent was evaluated by the patient’s physician and the study physi-

cian. This is in accordance with the ethical approval, which unfortunately excludes the
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delirious patient, in which SC hydration might be especially suitable [3]. Exclusion criteria

were: fluid restriction, risk of acute deterioration of illness, and very short life expectancy.

We collected data on the characteristics of the included patients from hospital charts (age,

sex, number of prescriptions, number of comorbidities, Charlson Comorbidity Index (CCI)

[13]) and through patient interviews (Tilburg Frailty Indicator [14]). Biochemical baseline

characteristics recorded were: C-reactive protein, hemoglobin, sodium, potassium, urea nitro-

gen, creatinine, osmolality, albumin, and eGFR (CKD-EPI [15]). These were obtained by rou-

tine analysis at the hospital laboratory on the day of the study procedures.

Study setup

We used technetium-99m (99mTc) pertechnetate as a marker for the movement of the infused

fluid from the SC space to the circulation as its uptake from SC tissue has been documented to

mimic SC water uptake [8].

We gave the SC infusion through a butterfly needle (BD Saf-T-Intima™—22G, Becton,

Dickinson, and Company, Franklin Lakes, New Jersey, USA) inserted on the left side of the

abdomen, and we collected blood samples through an indwelling intravenous catheter (BD

Venflon™ Pro Safety—18G, Becton, Dickinson, and Company, Franklin Lakes, New Jersey,

USA) inserted into the antecubital vein. Patients were infused with 235 ml of isotonic saline

(Sodium chloride 0.9%, B. Braun, Melsungen, Germany). 30 MBq of 99mTc were mixed into

the infusion fluid before starting the infusion. Mixing pertechnetate into the fluid from the

start, rather than using bolus injection(s) at a specific time point(s), ensures that the measured

activity is representative of the fluid distribution, even if the uptake rate should be different in

the early and late part of the infusion.

After baseline activity measurements were recorded at the insertion site at time 0, we started

the SC infusion. The initial infusion speed was 125 ml/h, and the infusion rate was increased

to 250 ml/h after 10 minutes if the patients did not experience discomfort. An infusion pump

managed the infusion rate (CODAN 717V, CODAN ARGUS AG, Baar, Switzerland).

The infusion was completed in 1 hour. The high infusion rate was chosen to reduce the

duration of the study to ensure the included ill patients could complete the observation period.

During the study, the activity over the infusion site was measured at 5, 10, 15, 20, 30, 40, 50,

60, 70, 85, 100, 115, 130, and 145 minutes after the start of infusion by us using a gamma detec-

tor (Captus1 3000, Capintec, 7 Vreeland Road, Florham Park, New Jersey, USA). At the same

time points, blood samples of 2.7 ml were taken to measure the activity in the circulation.

Before extraction of each of these blood samples, 2.7 ml of blood was taken as waste blood

[16]. After extracting each blood sample, the catheter was rinsed with 5 ml of isotonic saline.

Also, pertechnetate activity measurements were performed over the thyroid gland, as pertech-

netate is rapidly absorbed by the thyroid gland [17, 18]. These measurements were taken from

20 minutes after the start of the infusion and with a similar interval as those taken over the

infusion site.

Method of measurement

The total dose infused 99mTc was measured by a dose calibrator (CRC-15R1, Capintec, 7 Vree-

land Road, Florham Park, New Jersey, USA) before being mixed with the infusion fluid. The

activity was measured both over the infusion site and the thyroid gland at a distance of 30 cm

using a gamma detector. All activity measurements with the gamma detector were done with a

counting time of 30.0 seconds. The blood samples taken during the study were analyzed by a

dedicated gamma counter (2480 Wizard2™ Gamma Counter, PerkinElmer, Waltham, Massa-

chusetts, USA). All activity measurements were decay corrected to the start of the infusion.
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Sample size

The sample size was based on a previous study on healthy older adults [7]. They reported an

absorption constant of 2.29 hour-1 with a standard deviation of 0.3. We speculated a difference

in the absorption constant between the ill and non-ill on 15% (0.345 hour-1). With an alpha of

0.05 and a power of 80% (beta = 0.2), we would need six patients according to our calculations

(one-sided, two-sample paired means t-test, STATA 16). As noted at the beginning of this

Methods section, the circumstances with the inclusion of multimorbid, ill patients did not

allow the case-control part of the study to be performed. However, we saw a justification for

the study, and we had to balance the discomfort and strain on these ill patients against the

number of participants needed. We thus kept the sample size as calculated without additional

numbers as we would get sufficient data from 6 patients, based on the previous study on

healthy older adults [8].

Statistical analysis and calculations

Categorical variables are presented using numbers and percentages, and continuous variables

are presented as mean and standard deviation (SD) as the data are without outliers.

For each patient, we calculated a conversion factor at the infusion site to convert measured

activity (counts per second, cps) to ml of infused fluid. This patient-specific conversion factor

was calculated using the slope of the initial linear part of the activity curve (0–10 minutes). We

use the 0–10 minutes value to reduce error from the amount of fluid already absorbed. We cal-

culated the fraction of the infused fluid still present in the subcutaneous space at time t after

the end of the infusion:

volumeSC ¼ measured activity� patient‐specific conversion factor

fraction present in the SC space ¼ 100%� volumeSC=235 mlð Þ

We estimated the absorption rate in ml/min specifically for our infusion rate in the 10 minutes

following the infusion’s completion from the reduction in activity over time at the infusion site:

absorption rate ¼ volumeSC at 70 min � volumeSC at 60 minð Þ=10 min:

As the absorption rate in ml/min varies over the study (dependent on the amount of fluid

infused but not yet drained), many studies report the absorption constant (k) instead. The the-

oretical relation between the absorption rate and the absorption constant is:

absorption rate ml=minð Þ ¼ absorption constant min� 1ð Þ � present volumeSC mlð Þ

where absorption constant in min-1 can be turned into hour-1 by multiplying by 60, e.g.

k = 0.02 min-1 = 1.2 hour-1. Absorption rate estimates are presented as means. To validate that

the absorption rate measured over the SC space did represent a transfer to the bloodstream

with availability to body physiology, we also measured the uptake into the blood and the thy-

roid gland. We calculated the mean time to 50% absorbed (half-time, t½) using exponential

regression on log-transformed data, corresponding to expecting an exponential decay. To

allow for deviations from a purely exponential form, fitting with a quadratic term was also per-

formed. For thyroid and blood data, a sigmoid curve form (probit function, inverse normal)

was used to describe the overall shape. The regression analysis on measurements from the SC

space was done from the 60-minute mark and onwards. For data from blood and thyroid, it is

done from the start of infusion. We report the mean value for the half-time with 95% confi-

dence interval derived from the half-time for the individual participants.
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To estimate the potential effect of albumin on the absorption the log absorption rate after

60 minutes was analyzed in random intercept by participant regression. The regression was

adjusted by gender, time, and quadratic time, and P-values were found at the regression

effects.

The collected data were stored using REDCap version 7.0.11 hosted at Aalborg University

Hospital [19].

All analyses were done using STATA 16 (StataCorp. 2019. Stata Statistical Software: Release

16. College Station, TX: StataCorp LLC.) and Microsoft Excel 3651Microsoft 2020©.

Results

We recruited six patients, three men and three women, from September to November 2020.

See Fig 1 for the flowchart. The mean age of the patients was 81 years (SD 2.1), the mean CCI

score was 1.8 (SD 1.3), and the mean number of prescription drugs before admission was 10

(SD 4.1). Two patients had a Tilburg frailty indicator over five (judged as frail) [14, 20]. All

baseline measurements can be found in Table 1.

None of the patients experienced any adverse reaction during or after the infusion, and all

infusions were completed after 60 minutes. In one patient, the indwelling catheter for collect-

ing blood samples clotted after 40 minutes, and further blood samples could not be drawn.

As expected, the infusion site’s activity measurements showed that fluid accumulated in the

SC space during the infusion (0–60 minutes). At the end of infusion, the mean volume of fluid

still present in the SC space was 111 ml (SD 7.8) of the 235 ml of infused, corresponding to

53% (95% CI 50–56%) of the infused fluid having been absorbed. The fraction absorbed after

25, 40, 55, 70, and 85 minutes after the completion of the infusion was 74% (95% CI 70–77%),

81% (78–84%), 85% (82–88%), 88% (86–90%), and 90% (87–92%), respectively (Fig 2).

Fig 1. Flowchart of participants.

https://doi.org/10.1371/journal.pone.0275783.g001
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Graphical representation of the mean percentage of infused fluid absorbed over time across

all six patients. The X-axis is in minutes after the start of the infusion. The infusion was com-

plete after 60 minutes. The vertical brackets represent a 95% confidence interval. The Y-axis is

in percentage.

Figs 3–5 shows the activities at the infusion site, in blood and uptake in the thyroid gland,

respectively. We calculated absorption rates in ml/minute to present an easily interpretable

Table 1. Baseline values of the six patients.

Mean (SD)

Number of patients 6

Age 81 (2.1)

Sex, female (No/ percent) 3/50%

Number of known comorbidities 4.6 (1.2)

Charlson Comorbidity Index [13] 1.8 (1.3)

Tilburg frailty indicator [14] 3.8 (2.4)

Number of prescription drugs 10 (4.1)

Treated with anti-coagulant medication 1 (16.7%)

Systolic Blood Pressure (mm Hg) 122 (9.8)

Diastolic Blood Pressure (mm Hg) 71 (5.7)

Pulse (/min) 81 (21)

C-reactive protein (mg/l) 62 (38)

Hemoglobin (mmol/l) 6.2 (0.6)

Sodium (mmol/l) 141 (1.6)

Potassium (mmol/l) 3.9 (0.2)

Urea (mmol/l) 9.3 (2.2)

Creatinine (μmol/l) 97 (42)

eGFR (ml/min/1.73m2) 62 (24)

Albumin (g/l) 28 (4.2)

Osmolality (mmol/kg) 297 (5.5)

https://doi.org/10.1371/journal.pone.0275783.t001

Fig 2. Mean percentage of fluid absorbed over time across the six patients.

https://doi.org/10.1371/journal.pone.0275783.g002
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absorption rate. These numbers are specific for our setup (235 ml infused over 60 minutes) but

provide an example of achievable absorption rates. The mean absorption rate estimated from

measurement at the infusion site was 127 ml/h (95% CI 90–164 ml/h).

Exponential regression (regression on the logarithm of the values) without a quadratic term

found a mean value of the absorption constant k = 1.12 (SD = 0.12) hour-1. This corresponds

to a half-time t½ = 0.693/k = 0.62 hour = 37 minutes (95% CI 34–42 minutes). Including the

quadratic term and calculating t½ as the time where the original value had dropped to 50%

found t½ = 31 minutes (27–35 minutes, S1 Fig in S1 File), i.e., shorter but of similar

magnitude.

The blood data showed that 50% of the plateau value was reached after 48 minutes (43–52

minutes, S2 Fig in S1 File), and in the thyroid gland data, it was reached after 58 minutes (56–

60 minutes, S3 Fig in S1 File).

Statistical analysis of absorption rate versus serum level of albumin found a statistically sig-

nificant regression effect (p = 0.02), with increasing absorption rate with increasing albumin

levels. However, this effect’s size cannot be calculated with a meaningful result due to the low

number of included patients.

Discussion

We conducted an explorative study to describe the absorption rate and availability in the circu-

lation for fluid given through an SC catheter in the ill, very old (range 78–84 years old), multi-

morbid, hospitalized geriatric patients. To our knowledge, this is the first study to explore this

Fig 3. Activity at the infusion site over time. Abbreviation: PT: Patient. Graphical representation of the activity over the infusion site.

The infusions ended after 60 minutes. All data points are normalized to a percentage of the maximum value of a given series. The X-axis

is in minutes after the start of the infusion. The Y-axis is in percentage of maximum activity.

https://doi.org/10.1371/journal.pone.0275783.g003
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type of hydration in this vulnerable patient group. With an infusion of 235 ml over 60 minutes,

we found an average absorption rate from the SC space of 127 ml/hour (95% CI 90–164 ml/h)

right after the end of the infusion. The rate, however, will depend on the individual setup (e.g.

infusion rate, fluid type), but our setup demonstrated that an absorption rate of around 127

ml/hour is achievable in illgeriatric patients. Furthermore, our measurements on the blood

samples and over the thyroid gland confirm that the infused fluid does enter the bloodstream,

rather than just spreading locally within the SC tissue.

In more general terms, regardless of infusion rate, our data indicate that half of the fluid

remaining in the SC space after completion of an infusion will be absorbed in about 31 min-

utes. This number increases slightly to about 37 minutes if a purely exponential function is

assumed (absorption constant k = 1.12 hour-1). Such absorption half-lives are markedly longer

than the previous study on healthy adults over 65 years that report a half-life of only 18 min-

utes [7].

The absorption constant k can indicate the maximum fluid accumulation in the SC space

based on the infusion rate. Assuming a purely exponential function, the volume of fluid accu-

mulating at the infusion site will slowly approach a maximum volume equal to the infusion

rate divided by k. This allows us to calculate the expected fluid accumulation in a clinical set-

ting with a slower infusion rate than used in our study.

The standard recommendation on SC fluid infusion describes that 1 liter of fluid can be

administered subcutaneously over 8–10 hours [12, 21]. Assuming 8 hours, this corresponds to

Fig 4. Activity in the blood over time. Abbreviation: PT: Patient. Graphical representation of the activity in the blood. The infusions

ended after 60 minutes. All data points are normalized to a percentage of the maximum value of a given series. The X-axis is in minutes

after the start of the infusion. The Y-axis is in percentage of maximum activity. Data from patient number 5 is missing as the indwelling

catheter for the collection of blood samples clotted.

https://doi.org/10.1371/journal.pone.0275783.g004
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125 ml/hour. A value of k = 1.12 hour-1 then theoretically predicts a maximum volume of 125

ml/hour / 1.12 hour-1 = 111 ml being temporarily accumulated in the SC space, regardless of

how long this infusion continues. Of course, extrapolation outside the studied time interval

should always be handled with care. Accordingly, the important point here is not the specific

volume of 111 ml but that the accumulated volume is small enough to corroborate this recom-

mendation as a safe procedure in clinical practice, also for ill, older adults.

With 85% (95% CI 86–90%) of infused fluid absorbed 55 minutes after the end of infusion,

the completeness of absorption is lower than reported in studies on a young population aged

21–35. Here, 95% of infusion fluid was absorbed after 45 minutes after the end of the infusion

[6], and in healthy older adults aged over 65, no residual activity was found 60 minutes after

the end of infusion. The latter study, however, used hyaluronidase that aided the absorption of

SC hydration [8]. Our study found that there was still around 10% of the infused fluid retained

in the SC space one and a half-hour after the infusion’s completion. Our data did not extend

beyond this time point as the procedures wore out our ill patients. All patients requested to be

transferred back to the ward at this point.

The important finding of 90% absorbed leaves 10% retained fluid, which is less clinically

relevant when treating the mildly dehydrated patients as SC hydration prescriptions are often

made in round numbers [3].

We found a statistically significant effect of albumin on the absorption rate, with increased

albumin levels increasing the absorption rate. This finding is as expected, but further studies

with more participants are required to estimate the size of this effect.

Fig 5. Activity in the thyroid gland measured over time. Abbreviation: PT: Patient. Graphical representation of the activity over the

thyroid gland. The infusions ended after 60 minutes. All data points are normalized to a percentage of the maximum value of a given series.

The X-axis is in minutes after the start of the infusion. The Y-axis is in percentage of maximum activity.

https://doi.org/10.1371/journal.pone.0275783.g005
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Our study showed that activity measurements over the thyroid gland could be used as a

qualitative confirmation that the infused fluid has become part of body physiology without

requiring intravenous cannulation.

To sum up, our findings showed that in our group of ill, very old patients (range 78–84

years old) geriatric patients with multiple comorbidities, SC hydration worked well, even

though—as expected—the absorption of the fluid was slower than found in younger popula-

tions. The radiotracer measurements showed that the infused liquid gradually left the infusion

site. The blood samples and measurements over the thyroid gland confirmed that the fluid had

indeed reached the blood and become systemic. Theoretical calculations on the expected local

volume accumulation (125 ml/h for an indefinite time) in the SC space resulted in reassuringly

low numbers; however, this needs to be confirmed in future studies.

Limitations

As the radioactive tracer is distributed in the body, the activity measurement will include a

background signal from already-distributed activity. However, the detector’s collimation

ensures that it measures only locally, i.e., a small fraction of the whole body. For this reason,

the background signal will be only a tiny fraction of the measured signal and be without nota-

ble influence on our results. Our study infused isotonic saline, and the absorption rate may dif-

fer with other fluid types. The amount of fluid infused is lower than typically used in a clinical

setting. The absorption rate and residual fluid in the SC space could be different if 500 ml or

1000 ml were infused over a longer duration. We had planned to have the patients return for a

second procedure eight weeks after discharge to investigate the difference between acutely ill

and not acutely ill. Due to time limitations, restrictions from the COVID-19 pandemic, and

patient frailty, this was not feasible. This paper reports the most important outcomes, namely

those on the acutely ill older adults. These outcomes were all listed in our clinicaltrial.gov regis-

tration. Finally, our sample was relatively small, with just six patients, but results were marked

and uniform in all patients, conforming to a reliable absorption portrayal.

In conclusion, we found clinically useful absorption rates from the SC space of around 127

ml/hour right after the end of the infusion in geriatric inpatients using our infusion setup. The

absorption was slower compared to previous studies in younger patients. However, only a

small proportion of the infusion fluid remained in the subcutaneous space one hour after com-

pletion of the infusion. To guide clinicians, our results corroborate the clinical experience that

one liter of fluid can be administered and absorbed satisfactorily in the very old, ill, multimor-

bid patient. Our results are uniform, but the limited sample size encourages further studies to

corroborate our results.
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Karmisholt, Óskar Valdórsson, Martin Gronbech Jørgensen, Stig Andersen.

References
1. Poulsen A, Schiødt FV. Dehydration as referral diagnosis to a medical admittance department. Dan

Med J. 2020; 67: A02190091. https://ugeskriftet.dk/dmj/dehydration-referral-diagnosis-medical-

admittance-department PMID: 33269691

2. El-Sharkawy AM, Watson P, Neal KR, Ljungqvist O, Maughan RJ, Sahota O, et al. Hydration and out-

come in older patients admitted to hospital (The HOOP prospective cohort study). Age Ageing. 2015;

44: 943–947. https://doi.org/10.1093/ageing/afv119 PMID: 26316508

3. Danielsen MB, Andersen S, Worthington E, Jorgensen MG. Harms and Benefits of Subcutaneous

Hydration in Older Patients: Systematic Review and Meta-Analysis. J Am Geriatr Soc. 2020; 68: 2937–

2946. https://doi.org/10.1111/jgs.16707 PMID: 33411351

4. Broadhurst D, Cooke M, Sriram D, Gray B. Subcutaneous hydration and medications infusions (effec-

tiveness, safety, acceptability): A systematic review of systematic reviews. PLoS One. 2020; 15: 1–31.

https://doi.org/10.1371/journal.pone.0237572 PMID: 32833979

5. Danielsen MB, Worthington E, Karmisholt JS, Møller JM, Jørgensen MG, Andersen S. Adverse effects

of subcutaneous vs intravenous hydration in older adults: An assessor-blinded randomised controlled

trial (RCT). Age Ageing. 2022; 51: 1–8. https://doi.org/10.1093/ageing/afab193 PMID: 34651171

6. Hays MT. 99m Tc-pertechnetate transport in man: absorption after subcutaneous and oral administra-

tion; secretion into saliva and gastric juice. J Nucl Med. 1973; 14: 331–336. PMID: 4701830

7. Roberts MS, Lipschitz S, Campbell AJ, Wanwimolruk S, McQueen EG, McQueen M. Modeling of sub-

cutaneous absorption kinetics of infusion solutions in the elderly using technetium. J Pharmacokinet

Biopharm. 1997; 25: 1–21. https://doi.org/10.1023/a:1025763509326 PMID: 9353691

PLOS ONE Absorption of subcutaneously infused fluid

PLOS ONE | https://doi.org/10.1371/journal.pone.0275783 October 10, 2022 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275783.s005
https://ugeskriftet.dk/dmj/dehydration-referral-diagnosis-medical-admittance-department
https://ugeskriftet.dk/dmj/dehydration-referral-diagnosis-medical-admittance-department
http://www.ncbi.nlm.nih.gov/pubmed/33269691
https://doi.org/10.1093/ageing/afv119
http://www.ncbi.nlm.nih.gov/pubmed/26316508
https://doi.org/10.1111/jgs.16707
http://www.ncbi.nlm.nih.gov/pubmed/33411351
https://doi.org/10.1371/journal.pone.0237572
http://www.ncbi.nlm.nih.gov/pubmed/32833979
https://doi.org/10.1093/ageing/afab193
http://www.ncbi.nlm.nih.gov/pubmed/34651171
http://www.ncbi.nlm.nih.gov/pubmed/4701830
https://doi.org/10.1023/a%3A1025763509326
http://www.ncbi.nlm.nih.gov/pubmed/9353691
https://doi.org/10.1371/journal.pone.0275783


8. Lipschitz S, Campbell AJ, Roberts MS, Wanwimolruk S, McQueen EG, McQueen M, et al. Subcutane-

ous fluid administration in elderly subjects: validation of an under-used technique. J Am Geriatr Soc.

1991; 39: 6–9. https://doi.org/10.1111/j.1532-5415.1991.tb05898.x PMID: 1846157

9. STONE PW, MILLER WB. Mobilization of radioactive sodium from the gastronomies muscle of the dog.

Proc Soc Exp Biol Med. 1949; 71: 529–34. https://doi.org/10.3181/00379727-71-17245 PMID:

18139803

10. Cordemans C, De laet I, Van Regenmortel N, Schoonheydt K, Dits H, Huber W, et al. Fluid manage-

ment in critically ill patients: the role of extravascular lung water, abdominal hypertension, capillary leak,

and fluid balance. Ann Intensive Care. 2012; 2: S1. https://doi.org/10.1186/2110-5820-2-S1-S1 PMID:

22873410

11. Caraceni P, Domenicali M, Tovoli A, Napoli L, Ricci CS, Tufoni M, et al. Clinical indications for the albu-

min use: Still a controversial issue. Eur J Intern Med. 2013; 24: 721–728. https://doi.org/10.1016/j.ejim.

2013.05.015 PMID: 23790570

12. Thomas DR, Cote TR, Lawhorne L, Levenson SA, Rubenstein LZ, Smith DA, et al. Understanding Clini-

cal Dehydration and Its Treatment. J Am Med Dir Assoc. 2008; 9: 292–301. https://doi.org/10.1016/j.

jamda.2008.03.006 PMID: 18519109

13. Charlson ME, Pompei P, Ales KL, MacKenzie R. A new method of classifying prognostic in longitudinal

studies: development and validation. Journal of Chronic Diseases. 1987. pp. 373–383. 0021-9681/87

14. Andreasen J, Sørensen EE, Gobbens RJJ, Lund H, Aadahl M. Danish version of the Tilburg Frailty Indi-

cator—Translation, cross-cultural adaption and validity pretest by cognitive interviewing. Arch Gerontol

Geriatr. 2014; 59: 32–38. https://doi.org/10.1016/j.archger.2014.02.007 PMID: 24680192

15. Levey AS, Stevens LA, Schmid CH, Zhang Y, Castro AF, Feldman HI, et al. A new equation to estimate

glomerular filtration rate. Ann Intern Med. 2009; 150: 604–612. https://doi.org/10.7326/0003-4819-150-

9-200905050-00006 PMID: 19414839

16. Baker RB, Summer SS, Lawrence M, Shova A, McGraw CA, Khoury J. Determining optimal waste vol-

ume from an intravenous catheter. J Infus Nurs. 2013; 36: 92–96. https://doi.org/10.1097/NAN.

0b013e318282a4c2 PMID: 23455970

17. Shukla SK, Manni GB, Cipriani C. Behaviour of the pertechnetate ion in humans. J Chromatogr. 1977;

143: 522–526. https://doi.org/10.1016/s0378-4347(00)81799-5 PMID: 893641

18. Hays MT, Green FA. In vitro studies of 99m Tc-pertechnetate binding by human serum and tissues. J

Nucl Med. 1973; 14: 149–58. Available: http://www.ncbi.nlm.nih.gov/pubmed/4685411

19. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research electronic data capture

(REDCap)—a metadata-driven methodology and workflow process for providing translational research

informatics support. J Biomed Inform. 2009; 42: 377–81. https://doi.org/10.1016/j.jbi.2008.08.010

PMID: 18929686

20. Gobbens RJJ, Boersma P, Uchmanowicz I, Santiago LM. The tilburg frailty indicator (TFI): New evi-

dence for its validity. Clin Interv Aging. 2020; 15: 265–274. https://doi.org/10.2147/CIA.S243233 PMID:

32110005

21. Caccialanza R, Constans T, Cotogni P, Zaloga GP, Pontes-Arruda A. Subcutaneous Infusion of Fluids

for Hydration or Nutrition: A Review. J Parenter Enter Nutr. 2018; 42: 296–307. https://doi.org/10.1177/

0148607116676593 PMID: 29443395

PLOS ONE Absorption of subcutaneously infused fluid

PLOS ONE | https://doi.org/10.1371/journal.pone.0275783 October 10, 2022 12 / 12

https://doi.org/10.1111/j.1532-5415.1991.tb05898.x
http://www.ncbi.nlm.nih.gov/pubmed/1846157
https://doi.org/10.3181/00379727-71-17245
http://www.ncbi.nlm.nih.gov/pubmed/18139803
https://doi.org/10.1186/2110-5820-2-S1-S1
http://www.ncbi.nlm.nih.gov/pubmed/22873410
https://doi.org/10.1016/j.ejim.2013.05.015
https://doi.org/10.1016/j.ejim.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23790570
https://doi.org/10.1016/j.jamda.2008.03.006
https://doi.org/10.1016/j.jamda.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18519109
https://doi.org/10.1016/j.archger.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24680192
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://www.ncbi.nlm.nih.gov/pubmed/19414839
https://doi.org/10.1097/NAN.0b013e318282a4c2
https://doi.org/10.1097/NAN.0b013e318282a4c2
http://www.ncbi.nlm.nih.gov/pubmed/23455970
https://doi.org/10.1016/s0378-4347%2800%2981799-5
http://www.ncbi.nlm.nih.gov/pubmed/893641
http://www.ncbi.nlm.nih.gov/pubmed/4685411
https://doi.org/10.1016/j.jbi.2008.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18929686
https://doi.org/10.2147/CIA.S243233
http://www.ncbi.nlm.nih.gov/pubmed/32110005
https://doi.org/10.1177/0148607116676593
https://doi.org/10.1177/0148607116676593
http://www.ncbi.nlm.nih.gov/pubmed/29443395
https://doi.org/10.1371/journal.pone.0275783

